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INTRODUCTION 


this work the complete theon- of the rotar\- cement kiln has been worked out, 
based in tlie main upon thermodynamical calculation, in which the recent advances 
in physical chemistry have been taken into account. 

As a result we are enabled to calculate the correct clinker output from a rotar}- 
kiln of any given diameter— ranging from i to 20 ft. if need be — the theoretical 
outputs arrived at by thermod)-namic.s being checked against actual practice. 
Also the sizes of the clinkering and decarbonating zones nccessaiy for a given 
output are determined, these sizes being also worked out by thermodjTiamics 
and checked against actual yields of kilns. Also the correct dimensions of rotary- 
kilns are worked out, including rules for finding their lengths, diameters, and 
sizes of the various zones of both wet and dry process kilns. Also the correct 
air supply is worked out, and the entrophy of cement formation. 

The value of such data is obvious because on the one hand it enables the works 
manager — knowing the dimensions of his kiln— to know whether or not tire kiln 
is being worked at ma.ximum capacity and economy. It also enables the engineers 
who construct kilns to design them with certainty and guarantee output of any size. 

Most of this work is new, being based upon researches carried out by the 
author w^ile Director of Research of the British Portland Cement Researcli 
Association. All the work has been carefully checked against actual practical 
results, and will be found reliable. 

It may at first sight appear surprising that, since the rotary kiln has been 
in almost universal use since 1906, this work was not done previously. There 
were, however, many technical difficulties in the way. In order to accumulate 
e.vperimental data, the British Portland Cement Research Association carried 
out no less than twent)--nine kiln tests on every variety of kiln, at first under the 
able direction of Mr William Gilbert, and later under that of the author. The 
masses of e.xperimental data arising out of the tests had then to be collated; 
tables of specific heats and other physical properties of the gases and raw materials 
which occur in the process of manufacture had to be calculated, and in some cases 
experimentally determined at high temperatures. 

Exact allowances had to be made for radiation and convection effects of com- 
plicated nature. All this preliminary work represented immense labour and 
great cost. 

A few lacunre still exist in our scientific data, but enough scientific and engineer- 
ing data have been accumulated to enable important deductions and suggestions 
to be made. 

§ 3. Perhaps the most striking result brought to light in the following pages 
is the degree of inefficiency of the rotary kiln. 

For many years practical men have been aware that the rotaiy kiln is inefficient, 
but how and where inefficient could not be exactly known until the details worked 
out below were ascertained. 

On the basis of the calculations presented, the efficiency of rotaiy kilns is 
barely 19 per cent.* 

* It is shown below that .an average rotaia kiln consuming, s.ay. 33 tons of standard co.al per 
100 tons of clinker should, if theoretically perfect, comumc onl\ 0 33 tons. Defining efficiency 

.. Po-sible fuel consumption^ 

~ X 100, 

Actual iuci consumption 

we obtain 19.2 per cent. 

33 


VII 



Vlll 


INTRODUCTION 


? 4 It IS obvious, therefore, that there is present m the cement industry a 
wider scope for improvement both of kiJn design and for research for improved 
methods of production than in almost any other manufacture 

One important practical result «hich is brought to light below is the fact 
that a rotary kiln fed with a slurry containing 40 per cent of water should work 
with a fuel consumption of about 21 tons of standard coal per 100 tons clinker 
produced 

By reducing the slurry moisture below 40 per cen* , improvements bejond this 
could be registered 

§ 5 Another result which is emphasised by the inquiry below is the supreme 
importance, from the point of view of fuel economy , of attaining as high a flame 
temperature as possible in the clmkering zone Such a high temperature cannot 
be attained without special precautions, chief among which is the preheating 
to as high a temperature as possible of the air entering the furnace 

The efficient preheating of entering air is by no means easy, but, in view of 
recent advances in furnace design, does not present the same difficulty as formerly 

§ 6 Perhaps, however, the most important result is the discovery of the pre 
dominant part plaved by radiation and convection— both internal and external— 
in causing fuel losses These losses are very much more serious than has hitherto 
been imagined, and it is only by their ehmimtion by suitable kiln design that 
striking reductions in fuel economy will result 

S 7 Possibly the main re&son why Ibis influence has not been sufficiently 
recognised in the past is the fact that writers on the rotary kiln have been 
accustomed to regard all their heat units as of equal value Heat balances of 
the kiln, such as have been repeatedly drawn up during the last thirty years, 
do not indicate that the B Th 0 s available at different temperatures have very 
different values both chemical and flnonaal For example, only these B Th U ’s 
available a temperature of i 481® F (805® C ) — the temperature of decom 
position of calcium carbonate in the kiln— can be directly utilised for forming 
clinker Consequently, they are of great value to the cement manufacturers 

The B Th U s available below those temperatures are so to speak, merely 
waste products so far as clinker formation is concerned They merely serve to 
preheat the entering slurry 

In view of this fict the ordinary heat balances of the rotary kiln are some- 
what misleading in that all the B Th U s m them are tabulated as if they were 
of equal v^lue and of equal cost 

It IS as if in making up a financial statement of an account we took say, 1,000 
coins and regarded them as all of equal value There may be gold, silver, or 
copper coins among these 1,000 yet this factor js neglected in making up the 
balance sheet, which simply tabulates the number of coins which was paid for 
each article irrespective of the value of the individual coins This procedure 
would not meet with the approval of commercial men, jet it is precisely the 
modus operands of the writers who have drawn up the thermal balance sheets 
of our kilns in the past 

§ 8 For example in the ordinary heat balance of the rotary kiln the external 
radiation losses on the whole available B Th U s work out about 8 per cent 

If, however, we work out the percentage of these radiation losses in respect 
to the valuable clinker forming B Th. U s— the only ones which count— we find 
that nearly 15 per cent of the effective heat available for clinker formation thus 
uselessly disappears as external radiation This alters entirely the complexion 
of the question of whether it is wmth while stopping externa! radiation from the 
chnkermg and decarbonating zone« We are, in fact, wasting nearly 15 per cent 
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of our fuel on account of external radiation from the hotter zones of the kiln, 
and therefore the greatest trouble should be taken to stop such losses. 

Moreover, the loss of clinker output from radiation and convection inside 
the kiln is very much more serious than the loss due to external radiation. The 
importance of these internal losses does not seem to have been realised by practical 
men. The kiln is a tube with one end red hot and the other end comparatively 
cold . High-grade heat is radiated away from the red-hot decarbonating and clinker- 
ing zones directly into the colder parts of the kiln without doing any useful work. 
In addition to this, much high-grade heat is carried away bodily by the hot gases 
from the decarbonating zone, passing into the colder zones. Since every 918.6 
B.Th.U.’s of high-grade heat yi.e., heat available above 1,481° F. or 805° C.) 
thus carried away into the colder parts of the kiln represent a loss of i lb. of 
potential clinker, it is obvious that no great progress in kiln economy can result 
until the design is altered so as to reduce such losses. 

For these reasons I have applied to cement formation what has long been done 
for steam by steam engineers — namely, the conception of entrophy. 

§ 9. In the following pages we have reduced to a matter of exact thermo- 
dynamical calculation most of the quantities connected with the rotary kiln. 

Thus we have, for the first time, calculated e.xactly the exit temperatures 
which the gases issuing from a rotary cement kiln will possess when the coal 
consumption for 100 tons clinker is reduced to any given figure, and when it is 
fed with a slurry containing any given percentage of moisture. This, previously, 
it has been impossible to do. 

As a necessary consequence we can now calculate beforehand the amount of 
steam producible from these exit gases under all possible conditions, ranging 
from a dry process kiln to a kiln fed with a slurry containing, say, 50 per cent, of 
moisture. 

Of course the converse proposition has long been solved — that is, knowing the 
exit temperature and the coinposition of the gases, it has been possible to calculate 
the amount of steam that can be produced thereby — but it has not been possible 
up to date to calculate the exit temperature appertaining to any fuel consumption. 

A chapter on the design of waste-heat boilers has been added, giving the 
amount of steam which can be raised therefrom under various conditions — a 
subject on which the nuiter has had much practical experience. 

§ 10. The determination of exact scientific data is the first step towards 
modem technical advance. In Sir Charles Parson’s words : 

‘ ‘ The hopelessness of making progress in the absence of data and an intimate 
knowledge of a subject was deeply impressed on the minds of those who served 
on the Board of Invention and Research during the war, and who received at 
one period more than 2,000 inventions and suggestions per week, of which only 
a minute fraction of i per cent, were in any way helpful, while scarcely any were 
of practical value. The immense wastage of mental effort appeared to them 
deplorable.” 

From this point of view it is hoped that the data brought together in this book 
will prove indispensable to kiln designers, engineers, and works chemists. In- 
deed, without such scientific data it is difficult to see how any really efficient kiln 
could be designed, as the engineers have never been presented with many of the 
essential facts. 

§ II. A few words on the origin of this work will prove interesting. 

The main portion of this work is based upon research work carried out by the 
author while Director of Research of the British Portland Cement Research 
Association, between 1922 and 1925. It will be recollected that during the war, 
and under the compelling fear of the scientific ability of the Germans, the British 
cement manufacturers had been persuaded by the Government, by means of a 
handsome donation, to combine and subsidise scientific research on cement kilns. 
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and they founded the British Portland Cement Research Association With the 
removal of the German danger, and in view of the enormous profits made by the 
British mdustn owing to their virtual monopoly and excellent raw materials all 
incentive to progress stopped and the Research came to a sudden and premature 
end in 1925 just when fundamental progress was beginning to be made in 
unravelling the intricate diemical and phj steal phenomena underlying the 
manufacture of cement This disaster was largel) the result of the tragic death of 
Mr H D K. Bamber which at a critical time removed the foremost advocate of 
scientific research and progress from the British cement industry 

With the dispersal of the scientific staff and facilities for research all hope of 
completing the numerous scientific researches vanished The author, however, 
has privately and under great difficulties completed some of the research work 
relating to rotary kilns and this book contains some of the data he has been able 
to rescue from oblivion in the general wreck It will be obvious from a perusal of 
this work that the science of Cement Manufacture is as }et but m its infancy 
Many cement manufacturers have mistaken purely routine work for research 
work True research work on cement is costly and presents many difficulties 
The product is formed at an immensely high temperature and consists of a mixture 
of refractory silicates in a state 0/ what Dr MeJJor calls arrested equilibrium ' 
The problems presented are of the highest order of scientific difficulty, involving 
Physical Chemistry Physics Mechanics Thermodynamics Engineering and 
Geology Fundamental advances will never be achieved by employing a few 
half trained hands driven under harassing and anxious factory conditions, 
pressed for immediate financial results in an inimical and sceptical atmosphere 
It has often been claimed that rule of thumb methods have been more 
fruitful of results than purely scientific methods m the cement indusjry 
The answer to this statement is that scientific efforts on a very difficult subject 
have never been carried out for a sufficient length of time nor under the free 
conditions requisite for achieving the astounding results attained in other branches 
of applied science such as sjntheticdyes synthetic fertilisers electrical work and 
aeronautics On the other hand rule of thumb methods have been energetic 
ally pursued for over a hundred years in the cement industry by enormous 
numbers of workers ^Vhen « e reflect that ihreeor four university trained scientists, 
working for the very few years between 1922 and 1925 for the British Portland 
Cement Research Association under most harassing and anxious conditions 
discovered the Laws of the Science of Fine Grinding (which have received world 
wide acknowledgment and confirmation) and for the first time m history worked 
out the whole theory of the rotary kiln and the causes of its inefficiency we must 
conclude that given adequate encouragement a few years more of research 
would have seen the discovery of revolutionary improvements thus bringing 
the British cement industry into line with other modern industries 

It IS sad to acknowledge that the prevailing spirit towards research in this 
industry in the twentieth century amidst unparalleled progress m all branches 
of applied science was such that in a time of great prosperity a sheltered wealthy 
and powerful trade actually celebrated the centenary of the discovery of Portland 
cement by Aspin by destroying its Research Association and annihilating its 
research men although the expense of the research worked out at only about 
one fourteenth of a penny per ton of cement produced I 

The thought lies near that possibly it is this short sighted mental attitude 
towards new developments not only m the cement trade but in other industries 
as well that is partly responsible for the steady loss of British trade for so many 
years past 

Another objection which has often been urged against scientific research 
in the British cement industry is that it is so complicated that the cement 
manufacturer cannot understand it, not even comprehending the meaning of the 
language m which the results are expressed The only method of removing 
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this dilBculty lies in improved technical education. There are ver)^ few university- 
trained scientists in the cement trade, and it is elementary psychology that what 
the human mind does not understand, and what is strange to it, it dislikes and 
opposes. 

There is no way of simplifying science, or of altering the complicated methods 
whereby Nature works her irresistible way, blind to all human needs, along to 
unseen ends. All technical men, and most manufacturers, feel inclined to 
sympathise with Louis XIV. when he decided that had he been consulted in the 
Beginning of Things he would have greatly improved the universe by providing 
it with a set of much simpler laws ! 

In any case it is no use blaming the poor scientist for the complications of the 
universe, as some cement manufacturers have done. 

This work owes its publication to the invitation of Mr Nathan C. Rockwood 
to contribute a series of articles to “ Rock Products ” on the rotary' kiln, and 
most of the material in this book has appeared in the pages of this 
American journal. 

I have also to thank Mr Childe, the Editor of Cement and Cement Manufacture , 
for leave to reproduce my article on “The Entrophy of Cement Formation,” 
which first appeared in that journal, and also for kindly allowing me to reproduce 
the illustration of the “ Waste-heat Boiler,” Fig. t 3 of Chapter XXVII. 

I desire also to thank Dr Mellor, F.R.S., for leave to reproduce part of mj' 
articles and illustrations on Flame Temperatures and Waste-heat Boilers, which 
first appeared in the Transaction of the Ceramic Society. 

GEOFFREY MARTIN. 


London. 
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CHAPTER I 

MEASUREMENT OF THE COAL CONSUMPTION 
OF CEMENT ROTARY KILNS BY MEANS OF 
ANALYSIS OF THE EXIT GASES 

In making Portland cement clinker, part of the carbon dioxide in the exit gases 
arises from the combustion of the coal and part from the decomposition of the 
carbonates in the material from which Portland cement is made. 

It is possible by accurately analysing the exit gases to estimate the coal 
consumption per loo tons of clinker made, without the necessity of weighing 
either the coal or the clinker. The carrying out of a kiln test, in which the coal 
and the clinker are actually weighed, is, on most works, a laborious operation. 
Consequently, methods which ob%’iate this necessity are valuable, since they 
enable the manager to check the fuel consumption of the kiln and control the 
work of his burners. 

Savings of fuel to the extent of hundreds of tons a year could be effected in 
certain works merely by a rigorous control of the exit gas analysis, followed by a 
computation of the fuel consumption per loo tons clinker made. 

This may be achieved by several methods : — 

Method I. — The following method was devised by the writer ; — 

(1) From the analysis of the coal used on the works, calculate the weight of 
CO2 and Ng evolved per 1 lb. of coal burnt. 

(2) From the chemical composition of the dried slurry, calculate the weight 
of CO2 evolved per i lb. of clinker made. 

(3) By now assuming different fuel consumptions, calculate the volumetric 
composition of the exit gas, and therefrom calculate the volume of air-free 
nitrogen for different fuel consumptions. 

Then the fuel consumption is a function of the volume of the COg per roo 
volumes of air-free nitrogen in the exit gas, and by means of a table or curve 
the fuel consumption per too tons of clinker made can be read off for any given 
CO2-N2 ratio. 

Now, in working out this formula, there are a number of factors which carmot 
be readily estimated, and which, on the whole, tend to make the practically found 
volume of COg greater than the theoretical value. Thus the clay contains a 
certain amount of organic matter (humus, peat, woody fibre, etc.) which evolves 
carbon dioxide when burnt. The ash in the coal adds on to the weight 
of the clinker. There is a certain amount of sulphur in the coal which is partially 
estimated with the COg. 

There is a small amount of free nitrogen in the coal. The net result of these 
factors is that when the actual fuel consumption (with weighed quantities of coal 
and clinker) is practically determined and checked against the theoretical volume 
of COg as calculated, it is found that the theoretical volume of COg must be 
increased usually by about 4.5 per cent, in order to yield results which agree 
accurately with those found on practical tests. 

Hence, for a given works it is advisable to construct a table as indicated below, 
and then check against a single determination of the fuel consumption with 
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weighed quantities so as to ascertain the actual percentage correction to be 
applied to the theoretical lolume of CO* as calculated If, then, a second 
practical table be constructed in which this correction is applied, it will be found 
that the actual fuel consumption can then be read off from this table 'iccurately 
minute bj minute, with \ery little calculation or trouble, merely b) making 
accurate anal} ses of the exit gases b\ means of an Orsat apparatus 


Table 


ShoiLtng Futl Contvmpiton Corresponding to Exit Gas Analysts 


(0 

buinber of Tons Standard 
Coal Consumed per loo Tons 
Clinker Made 
(i Lb Coal Gives 12 600 

B Th U 's ) 

(2) 

Theoieticat 3 olume of 
COj per 100 Volames 
K, inAir Free 

Exit Gas 

(3) 

Corrected Vofuine of 
CO, per IQO \ olumes 
S, in Air Free 

Exit Gas 
Factor=i Oj? 

Tons 

\oluraes 

Volumes 

Infinite 

’I 66 

22 9 

90 01 

26 4C 

2795 

4S 77 

31 ro 

32 87 

4t 00 

32 20 

34 04 

J9 n 

J2 67 

34 53 

JS 

33 90 

35 S3 

34 3t 

34 26 

36 21 

33 00 

3470 

36 68 

38 00 

IS >6 

37 x6 

31 00 

35*51 

37 63 

30 efi 

35 86 

37 90 

jO 18 

3600 

3805 

29 77 

36 19 

38 !S 

■’9 45 

36 33 

38 40 

29 14 

36 50 

38 58* 

28 S" 

36 6S 

38 73 

8851 

36 8’ 

38 9’ 

28 21 

3698 

39 09 

•’7 P- 

37 24 

39 

-7 63 

37 3« 

39 43 

"7 35 

3« 46 

39 60 

27 08 

37 6’ 

39 76 

26 80 

37 78 

39 93 

26 O’ 

38 26 

40 43 

25 04 

38 9‘ 

41 13 

’4 80 

39 oS 

41 30 

22 66 

4073 

43 OS 

20 85 

42 40 

44 81 

19 30 

44 OS 

46 55 

17 96 

45 

48 33 

16 77 

47 4t 

SO or 

14 79 

SO 86 

33 76 

I’ 52 

56 16 

59 36 

10 In 

64 16 

67 82 

636 

8966 

94 77 
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On one works the dried slurry' had the composition of 76.3 per cent. CaCOg 
and the coal used analysed : — 

C = 7i.6; H = 5.o; S = i.i; Ash = i7.3; N = 1.4 per cent. 

From these data the table on p. r.2 was calculated : — 

Column (1) gives the fuel consumption expressed in tons of standard coal (each 
lb. of whicli, when dried, has a calorific value of 12,600 B.Th.U.’s per Ib.) 
per 100 tons clinker made. Column (2) gives the corresponding theoretical volume 
of COo as calculated. Column (3) gives the corrected volume of COg, being the 
results of column (3) multiplied by the factor 1.057. 

Examples of Application 

Example i. — The analysis of the exit gases on a certain works was 

CO2— 24.62 vols. 

02= 1-95 „ 

No= 73-43 „ 


100.00 vols. 

IFl/al was ihe fuel consumption of the kiln ? 

Step r. — Calculate the volume of air present in the e.xit gas. 

I volume of free oxygen corresponds to 4.762 volumes of air. 

Hence 1.95 volumes of oxygen correspond to 1.95 x 4.762 = 9.3 volumes of air. 
Step 2.— -Subtract the volume of air from the volume of exit gas. 

100-9.3 = 90.7 volumes of air-free gas composed of 24.62 volumes COo, and 
90.7 - 24.62 = 66,08 volumes of nitrogen. 

So that 66.08 volumes of nitrogen contain 24.62 volumes of CO2, or 100 volumes 

of nitrogen contain =37-^ volumes of CO^. 

00. 08 

Referring to our table, column (3), this shows a fuel consumption of 31.9 tons 
of coal per 100 tons of clinker made. 

Found by actual large-scale measurement, 31.4 tons. 

Example 2. — The exit gas of another works had the composition : — 

C 0 o= 23.34 vols. 

02= 3-38 „ 

^2= 73-28 „ 


100.00 vols. 

3.38 volumes of Oo correspond to 3.38 X4.762 = 16. i volumes of air. Therefore. 
100-16.1=83.90 volumes of air-free exit gas, containing COg equal to 23.34 
volumes, and Nj equal to 83.90-23.24=60.56 volumes. 

So that 60.56 volumes N, contain 23.34 volumes of Oj. 

So that 100 volumes Nj contain 38.55 volumes CO,. 

By the table, 38.55 volumes COg correspond to 29.1 tons of coal per 100 
tons of clinker. Found by actual large-scale trial, 29.0 tons. 

Method 2. — Air consists of 21 volumes of oxygen mixed with 79 volumes of 
nitrogen, ^^^]en coal burns, the oxygen is absorbed and nitrogen passes on. 
Consequently, the volume of air-free nitrogen passing out of the kiln measures 
the amount of o.xygen absorbed and so the fuel consumed. This enables us to 
calculate the fuel consumption, knowing the chemical analysis of the fuel, the 
chemical composition of the cement clinker, and the volume analysis of the 
exit gas. 

The method is best explained by practical examples. 
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By analysis a cement clinker was found to contain 65 per cent of CaO (plus 
MgO) So that I kg of cement contains o 65 kg of CaO (plus MgO) 

Now, 56 pans of CaO correspond to 44 parts of CO*, as is evident from the 
equation — 

CaCO, = CaO + CO, 

40+13+48 40+16 12+33 

iw 56 44 

Consequentlj , i part of CaO coirespcaids to 44/56 parts of COj So that 

0 65 kg of CaO corresponds to 5 ^ ’’f COj , j / , 1 kg of clinker 

corresponds to o 51 kg cf COj 

But I cub metre of COj at o® C and 760 mm weighs i kg So that 

1 cud metre of CO^ if liberated tn the exit gases to every i 9632/0 51 =3 85 kg 
elsnher produced la the furnace 

Also from the equation C + Oj=COjJt tMll be seen that 44 kg of COj are 
i*+ 3 r =44 

produced by the combust on of 12 kg of pure carbon That is, i 9632 kg of 
CO, are evolved from Q 536 kg ofpurecatbon, which is contained in o 536/0 7115 
758 kg coal 

That li, I cub metre of CO^ (i 9632 kg ) tn the exit gases correspond to the 
combusUon of o 753 kg of coal of ike gtten composition 

Now, if the coal alxive mentioned were completely burnt tn air, the composition 
of the resulting exit gas can be calculated to be 18 82 volumes of CO, and Si 18 
volumes of Ng (total 100 volumes) 

But from the equation C + 0 ,“C 0 , it will be seen that i volume of CO, 

I %ol t vol 

produced corresponds to i volume of O, united with carbon in the coal 

So that to every 8 1 i8cub metresof N*intheexit gases theremust haveentered 
the kiln and umted therein with the carbon in the coal some r8 82 cub metres 
of Og—that IS, to tiery i cub metre of A', issuing from the ktln ue must have had 
t 8 82/81 18 -o 23x8 cub metres of O, uniting itHh the carbon of the coal and pro- 
ducing the same lolume of COg With this data we are now in a position to 
calculate the fuel composition of the kiln by anal>sis of the exit gases 

Example J — Theoretical Combustion — The exit gas from the rotary kiln 
had the composition — 

CO,* 26 94 vols 
N,« 73 06 „ 


100 00 vols 

Now, as )U5t seen, to i tub metre of nitrogen issuing from the kiln there 
must have combined with the coal o 3318 cub metre cf O, Therefore, to 73 06 
volumes of N, issuing from the kiln there must have combined with the coal 
7306x02318 = 1694 volumes of O, And since each volume of O, which 
united with the carbon of the coal produced m equal volumeof CO, (C + 0 , = 00 ,), 

I Tol 1 \ Ol 

then obviouslj r6 94 volumes of CO, m the rco volumes of exit gas must hate 
been denv ed from the carbon of the coal 

But the total volume of CO, tn too volumes of exit gas was 26 94 Thcefore 
2694-1694 = 1000 volumes of CO, must have come from the dried slurry 
Hence we have 

16 94 cub metres of CO, are derived from the coal 
JO 00 cub metres of CO, are derived from the slurry 


Total, 26 94 cub metres of CO, 
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But I cub. metre COn from the coal corresponds to 0.753 bg. coal ; therefore, 
16.94 cub. metres COo from the coal correspond to 16.94x0.753 = 12.76 kg. 
coal. And 1 cub. metre COo from slurry corresponds to 3.85 kg. of clinker; 
therefore, 10.00 cub. metres CO^ correspond to 10x3.85 = 38.5 kg. of clinker. 

So that 38.5 kg. clinker are produced by the combustion of 12.76 kg. of 

coal, or 100 tons of clinker are produced bv the combustion of ^ 

' 38.5 

= 33.1 kg. coal. 

Example 2. — Combustion zait/i Excess of Air. — The e.xit gas from a rotary kiln 
had the composition : — 

22.81 vols. CO2 

3-29 o. 

73.90 „ No 


100.00 vols. 

Air has the volume composition 0 „: N, equal to 21 : 79. So that i volume of 
free O5 is associated witli 79/21 =3.76 volumes N™. The air in the exit gas is a 
diluent, and the composition of the c.xit gas free from air must be calculated. 
Since air has the composition above stated, it follows that 3.29 volumes of Oj 
are associated with 3.29x3.76 = 12.37 volumes of N^. 

Hence the volume of nitrogen associated with the burning processes in the 
kiln is 73.90-12.37 = 61.53 volumes, the rest of the nitrogen belonging to the 
free air present. 

How, as just proved, to 1 cub. metre of air-free nitrogen issuing from the 
kiln there must have combined with the coal 0.2318 cub. metre of Oj. Hence 
to 61.53 cub. metres of issuing from the kiln there must have combined with 
the coal 61.53 >'.0.2318 = 14.26 cub. metres O,, which have given rise to the same 
volume, vir., 14.26 metres of COo. So that out of the total 22.81 cub. metres 
of COj some 14.26 cub. metres arc derived from the combustion of the coal, 
and the residual 22.81-14.26 = 8.55 cub. metres of COg are derived from the 
slurr}'. 

As before, the 8.55 cub. metres COo from the slurry correspond to 8.55 X3.85 
=32.92 kg. clinker, and 14.26 cub. metres CO, from the combustion of the coal 
correspond to 14.26x0.753 = 10.74 kg. coal burnt. 

So that 32.92 kg. clinker are derived from 10.74 kg. coal burnt, or 100 kg. 

clinker are produced from =32.7 kg. coal. 

32.92 

Example 3. — J?icomplete Combustion zvil/i Production of CO. — Suppose 
that the exit gas has the composition : — 

€ 0 ^= 26,6 vols. 

CC)= 0.9 ,, 

^’2= 72.5 


100.0 vols. 

There is no free o.xygen present ; consequently, all the nitrogen present measures 
the oxygen absorbed by combining with the carbon of the coal . If the combustion 
of the coal had been complete, there would (as before shown) have been 0.2318 
cub. metre of Oo absorbed by the coal for every cubic metre of nitrogen, or the 
volume of o.xygen absorbed under these circumstances from the combustion of the 
coal is 72.5 X 0.2318 = 16. 8r volumes of Oj. But the combustion is not complete. 
There is 0.9 volume CO produced, which corresponds to 0.45 volume Oo absorbed 
( 2 C + 02 = 2C0). .So that the oxygen absorbed in the complete combustion is 
I vol. 2 vols, 

t6.8i -0.45 — 16.36 cub. metres of Og. 



CHEMICAL ENGINEERING 


Since the COj arising from the oimplete combustion of the coal, plus the 
CO» etolved from the slurry, equals 26 6 volumes, it follows that the volume 
of CO2 contributed by the slurrvis 26 6-1636 = 10 24 cub metres of COj corre 
spending to 10 24x3 85-3942 kg dinker And the gases contributed by the 
coal are — 

16 36 CO2 + 0 9 CO = 17 26 cub metres, corresponding to 17 26 xo 753 = 13 o 
kg coal (since either 1 cub metre of CO3 or of CO correspond to o 753 kg of 
coal) 

Sothat39 42kg clmkerareproducedbyaimbusUonof 13 okg coil,oriookg 

clinker are made from — 1£?=33 o kg of coal 

39 42 

Of course, it must be recollected that the figures of the coal thus calculated 
refer to drv coal of the composition stated 

For commercial purposes the coal can be calculated back in terms of wet, 
raw coal fed to the driers 

The preceding method of calculation appears to hate been first suggested by 
Dr Albert Heiser {Ton /«rfwjr«e 1913, 37, Nr 32, p 424) 

Method 3 — Dr Hans Kuhl {Zetnent und Alortelteckmsche Studien, I , Berlin, 
*9131 P 423 . Ton 'IndHstrxe Zestung, 1913, Nr 32, p 423) has worked out a 
general formula for deducing the percentage fuel consumption from the complete 
chemical analysis of the coal, dried slurry, and exit gases 

Let *=the number of parts by weight of dry coal consumed per too parts 
by weight of clinker made 
i = the percentage of carbon in the dried coal 
t»the percentage of hydrogen in the dried coal 
rf=the percentage of mtre^en in the dried coal 
e = the percentage of oxygen in the dried coal 
/-the percentage of sulphur m the dried coal 
g-the percentage of ash m the dried coal 
M =the percentage of CaCO, (plus MgCOj) in the dried slurrj 
« = the percentage loss by ignition of the dried slurry 
a-o 266 the ratio bv volume of oxygen to nitrogen m the air {21 79) 
/-the tolume per cent of the CO, m the exit gases 
<7-the volume per cent of the O2 m the exit gases 
/ the volume per cent of the CO in the exit gases 
j= roo-/ q t, IS the volume per cent of N, m the exit gases 

Then there are three constants, K, K, Kj, which depend upon the chemical 
composition of the slurry from which the clinker is made, and upon the chemical 
composition of the coal used 

These fAusjsjjrisjtruy he regarded JW! rnnstantsfora^iven works usiqg a standard 
type of coal and a slurry of constant composition, and they may be determined 
once for all and u«ed in all subsequent calculations 

The co 7 istant depends solely upon the chemical composition of the dried 
slurry — 

(I) 

100— « 


where m is per cent CaCO, (plus MgCO,) in dried slurry 
« IS per cent ignition loss of dned slurry 
The constant A', depends solely upon the chemical composition of the coal 
used m burning — 


Kr 


d 

‘7 




(2) 


where b is per cent C , t is per cent H, a is o 266 (ratio volume 0 N m air) , 
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d is per cent. N ; e is per cent. O ; / is per cent. S— all referring to the dried 
coal. 

The constant depends both upon the composition of the coal and the 
composition of the slurry : — 


^ 3 2500 -25W ■ 


( 3 ) 


where h is per cent. C in dried coal ; m is per cent. CaCOs (plus MgCOg) in dried 
slurry; g is per cent, ash in coal ; n is per cent, ignition loss of slurry. 

There are also two variables, V and W, which depend upon the constantly 
changing composition of the exit gas : — 


y = a.s-^+i (4) 

2 

where a=o.266 (volume ratio 0 : N in air); r=per cent. N by volume in exit 
gases ; y =per cent. O2 by volume ; ^=per cent. CO by volume. 

W=/ + / (5) 

p is per cent. COj by volume ; / is per cent. CO by volume. 

Now it can be proved that knowing these constants K^, K2, Kj, and the variables 
V and W, then we can obtain the percentage fuel consumption, x, of the kiln as 
follows ; — 

Step I. — Calculate the value of the constants Kj, Kj, K3 from the formulae 
(i), (2), and (3). 

Step 2. — Calculate the value of the variables V and W from formulae (4) and 
(S). 

Step 3, — Substitute these values of Ki, K2, K3, V and W in the formula ; — 

KiV 

K2W-K3V’ 

and we obtain the required value .v of the number of parts by weight of dried 
coal (of the composition b per cent. C, c per cent, hydrogen, d per cent, nitrogen, 
e per cent, oxygen, / per cent, sulphur, g per cent, ash), which will produce 
100 parts by weight of clinker (of composition m per cent. CaCOs (plus MgCOj) 
in the dried slurry, « = percentage loss by ignition of the dried slurry). 


Example of Application of Kuhl’s Formula.— In a particular case the 
analysis of the raw material and coal used on the works led to the numerical 
values : — 

Ki=472.7- 
K2 = 28.64. 

K3 = 24.73. 

Also the analysis of the e.xit gases led to the values : — 

CO2 per cent. =/= 27.6 vols. 

O2 per cent. =y= 0.2 ,, 

CO per cent. = 7 = 0.2 ,, 

N2 per cent. = S= 72.0 ,, 


100.0 vols. 


V = a. j-y + - 
2 

= 0.266 X 72.6-0.2 +0.1 = 19.2. 
W=p + t 

= 27.6 +0.2 =27.8. 


Whence 



CHEMICAL ENGINEERING 


Hence the weight of coal used per lo tons of clinker is 
_r- 

KjW-KjV 

472 7 X 19 2 

28 64 X 27 8 -24 73 X 19 2 

_ 9076 
796-475 

= 28 3 per cent drj coat per 100 tons clinker made 
For the deduction of Kuhl’s formula, reference should be made to the original 
paper 

The difficulties of applying kuhl’s formula he in the fact that accurate analyses 
of the coal and clinker are not alwavs to hand On the occasions on which the 
writer has applied the formula and checked them against direct weighed measure 
ments of the coal and clinker, he has found that the results are too low, sometimes 
by several per cent This, no doubt, ts due to the causes enumerated under the 
first method explained above No doubt the difficulty could be got over bv calibra 
iion, and then correcting the calculated constaiUs to fit the practical results 
O/ier Methods — Formulae ha\e been worked out by Nilsson {Ton Industrie 
1905, p 1877, 1911) Also b> ( 7 tf« Industrie Zeitung, 
p. 190; 1913, p S31) 

Helbig’s work is mteresling, as he deduces a connection between the calorific 
value of the fuel and the clinker output 
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CHAPTER II 

THE CORRECT AIR SUPPLY FOR CEMENT 
ROTARY KILNS 

{Tons in every instance arc British tons of 2,240 lbs. To convert to 
tons <9/2,000 lbs. multiply by 1.12.) 

Summary. — Visual control of burning, generally practised, results in 
fluctuating air supply. Instrumental control is practicable, feasible, and 
desirable. Tables and graphs can be computed for each installation, based on 
chemical facts and instrumental results, which will make possible scientific 
control of the air suppl}’, thus insuring maximum pos.sible efficiency. 

Fuel economy in any branch of industry is usually applauded in theory but 
vehemently objected to in practice, for reasons which are many and complex, 
but which in the end arc based on human frailty. 

It is a startling commentary on this that a properly designed and properly 
worked cement rotary kiln employing the wet process (40 per cent, slurry) can 
produce 100 tons of cement clinker by the combustion in the kiln of 22 tons of 
standard coal of 12,600 B.Th.U.'s per lb. with a good normal output. 

As the kilns are invariably improperly designed (or rather not designed at all — 
like Topsy, they simply “ grew ” to their present form and dimensions) and 
very badly worked, very few British kilns consume less than 29 tons of standard 
coal, and some run up to 45 tons of standard coal per 100 tons of cement produced. 

The main cause of the high fuel consumption of the rotary kiln was discovered 
by the writer when Director of Research of the British Portland Cement Research 
Association in 1925, but as the remedy meant scrapping obsolete plant and 
building carefully' designed thermally efficient kilns, it has not been put into 
operation as yet, although the first steps have been taken, and some economical 
kilns are now running. 

A minor cause of high fuel consumption was found to be the wasteful admission 
of e.xcess air into the kiln. In this chapter we propose to deal with this aspect, 
and come on to the more comple.x causes in later chapters. 

The interesting point of the numerous scientifically accurate kiln tests carried 
out between 1917 and 1925 by the British Portland Cement Research Association 
was the revelation for the first time of the state of hopeless inefficiency of the 
whole trade and the urgent necessity for reform. 

Among the mass of accurate experimental data accumulated were the records 
of 2,139 analyses of the exit gases issuing from kilns working under all sorts of 
conditions. 

I now propose to show how these records were utilised to discover the best 
amount of air to use for combustion in a rotary kiln, and how they indicate what 
steps should be taken in order to effect a better control than has been possible 
up to date. 

Let us first of all study the air supply of a modern rotary kiln and show its 
variations from minute to minute. 

Fig. I (L30) is a record of the variations in the exit gas analyses of the Rhoose 
kiln, as shown by analyses taken every few minutes over several days. 
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Exit Gas AnaJ^rscs taken ntry Few Minutes over Several Days 
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The composition of the gas is never for a minute steady, but varies by a series 
of peaks tollowed by valleys. 

The amount of air in this gas is followed by looking at the free oxygen 
curve, because every i volume of oxygen represents about 5 volumes of air By 
following this oxygen curve you will see that we hardly ever have the correct 
amount of air present. We either have too much or too little, and the variations 
from too much to too little are sudden and abrupt. 

Now what is the reason of this ? 

You will at once see if you stand on the platform of the cement kiln and watch 
the burner. He uses his eye as an oxygen indicator. He first of all peers into the 
kiln, looking through a bit of blue glass, and he notes appearances which indicate 
to him that he is not supplying enough air. At once he alters the air valve, and 
usually now goes to the other extreme. He now lets in too much air. After a 
minute or two, the effect of this policy begins to show itself in minute alterations 
in the appearance of the white-hot material inside, and he then reverses the valve 
to reduce the air supply, again overshooting the mark. And so it goes on night 
and day in a cement kiln, a con- 
tinuous variation of air supply which 
is never quite right. 

Now I want to show you wiiat a 
very bad state of affairs this is, and 
how we are losing valuable fuel all 
the time these variations in air supply 
are taking place. What we want is a 
steady flow of air and coal into the 
kiln, so that the composition of the 
exit gas does not alter appreciably 
from minute to minute, and under 
present conditions of burning I will 
show you that the free oxygen in the 
exit gas should remain constant at 
1. 1 per cent, by volume. With finer 
grinding of the coal and with more 
steady air control we might get below 
this, but things being as they are, this 
seems the correct percentage to use. 

Admitting this for the moment, our exit gas analysis should show a steady curve 
when plotted against time, as shown in the dark line in Fig. 2. In studying 
the question of the correct air supply for a cement kiln, two main facts emerge : — 

If we use too small an amount of air with our coal we obtain incomplete 
combustion, and a gas called carbon monoxide (CO) is produced. This means 
a terrible waste of fuel. To every i lb. of carbon which escapes in the form of 
carbon monoxide (CO) there is associated a direct loss of no less than 10,231 
B.Th.U.’s, and an even more serious indirect loss due to the lowering of the flame 
temperature with consequent loss of chemical potential, represented by what we 
win later call the amount of high-grade available heat. For the present we will 
deal only with the direct heat loss, which is quite serious enough in all conscience. 
The main facts are shown overleaf. 

Loss of Heat Due to Incomplete Combustion 

Composition of one sort on coal : — 

Carbon = 72 lbs. 

Hydrogen = 5 „ 

Oxygen = 6 „ 

Ash= 17 „ 
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Fig. 2. — Air Supply as it should be, Steady 
at I •! per cent. Free Oxygen. 
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Comf^Iete Combustion (plenty of air) 

I lb of carbon burning to carbon dtoxtde yields 14,646 B Th U ’s 
C + Oj = CO2 

Carbon O^^en Carbon Dioxide 

Incomplete Combustion (too little air) 

I lb of carbon burning to carbon monoxide yields 4,415 B Th U ’s 
C + O = CO2 

Carbon Oxygen Carbon Monoxide 

Heat Loss on Incomplete Combustion on each i lb of carbon is 
14,646-4,415 = 10,231 B Th U 's 

On the other hand, if we use too much air with the coal we get complete com 
bustion, but we now waste heat in heating an unnecessary amount of gas to a 
high temperature, and also we lose chemical potential by depressing the flame 
temperature 

So that we hate, so to speak the danger of two evtls—too little or too much 
air Both produce a loss What then is the right amount of air to use m the 
kiln ? 

In order to solve the problem wemustgobacktoexpenment Asimentioned 
before, we have m our records some 2 139 analyses of exit gases coming from 
cement rotary kilns Some years ago I dissected them— and it was a terrible 
bit of tedious labour to do this— and the result is shown m Table I 

In considering this table you should carefully bear m mind that the results 
are siattsiieal To gue an example of what I mean look at column (i) and 
take the particular case where the free oxygen in the exit gas is shown as 0 000 
Corresponding to this you will see in column (2) the carbon monoxide is 
returned as o 500 Now how were these numbers obtained * In this way I went 
through all the exit gas analyses in which the free ox>gen was returned as o 000, 
and noted all the corresponding percentages of carbon monoxide Next I added 
up all these percentages of carbon monoxide and divided the sum by the number 
of observations m which the free oxygen was put down as o 000 I thus obtained 
the arithmetical average of the percentage of carbon monoxide corresponding to 
o 000 per cent of oxygen m the exit gas The number came out as 0 500 per cent 
of carbon monoxide when the free oxygen present m the exit gas was o 000 

This process was repeated for all the various percentages of oxygen to be found 
in the exit gas analyses up to 10 per cent and in this way Table I was compiled 

The results are rather curious and are best exhibited graphically (Fig 3) 

You will see that the percentage of carbon monoxide rapidly rises to a 
maximum which is attained when the percentage of free oxygen reaches 0 i per 
cent , and thereafter steadily decreases This is q^uite contrary to expectation, 
and at first sight indicates that if we reduced the free oxygen in the gas matters 
w ould begin to improve as reg'irds the quantity of the deleterious carbon monoxide 
present This, of course is a fallacious result, and is due to the fact that we are 
dealing with statistical quantities 

The result is, m fact a good example of the old adage that a little knowledge 
IS 1 dangerous thing What the decrease really means is this ^Vhen the amount 
of air supplied becomes too small for the proper combustion of the coal (and as a 
consequence the amount of free oxygen in the exit gas begins to approach zero) 
there occur minute colour changes in the flame of the burning powdered coal, 
which the burner recognises In general he is keeping a fairly careful watch on 
the flame, and he recognises the symptoms some time before the percentage of free 
oxygen actually drops to zero He counteracts this tendency by turning on too 
much air What we see, therefore, is the effect of increasing the air supply by the 
burner before the limit is reached TTie extra air now coming into the furnace 
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Table I 

Showing Connection between the Free Oxygen, Carbon Monoxide, and Loss oj 
Fuel Due to the Carbon Monoxide tfi Cetneni Rotary Kiln Exit Gases 


10 

Average Free Oxygen 
in Exit Gas 

Per Cent, by Volume 
A 

U) 

Average Corresponding 
Value of CO in 

Exit Gas 

Per Cent by Volume. 

B 

( 3 ) 

Percentage Luel Loss Due 
to CO (Tons of Coal 
Lost per lOO Tons of 
Standard Coal Fired). 
Bxs S4. 

0.000 

0.500 

2.92 

0 025 

0 699 

4 oS 

0.050 

0.994 

5.80 

0.100 

1.703 

9-95 

0.200 

1 .195 

6.98 

0.300 

0.862 

5-03 

0.400 

0.630 

3-68 

0.500 

0.480 

2.80 

0.600 

0-323 

1.89 

0.700 

0 .2T4 

1.24 

0.800 

0.198 

I. 16 

0.900 

0.134 

0.783 

1. 000 

0.109 

0.637 

1, 100 

0.081 

0.473 

1.200 

0.0685 

0.400 

1.300 

0.0644 

0.376 

1.400 

0.061 1 

0.357 

1.500 

0.0563 

0.329 

1.600 

0.0511 

0.298 

1.700 

0.0504 

0.294 

1.800 

0.0476 

0.278 

1.900 

0.0469 

0.274 

2.000 

0.0441 

0.257 

2.100 

0.0389 

0.227 

2.200 

0.0366 

0.214 

2.300 

0.0318 

0.186 

2.500 

0.0290 

0.169 

3.000 

0.0263 

0 154 

3-500 

0.0183 

0.107 

4.000 

0 0149 

0.087 

5.000 

0.0118 

0.069 

6.000 

0.0109 

0.064 

7.000 

0.0078 

0.046 

8.000 

0.0046 

0.027 

9.000 

0.0000 

0 

10.000 

0.0000 

0 


starts combining with some of the carbon monoxide present, and thus dimmis es 
its total value. In a way, therefore, the curve is a testimonial to the burners, an 
shows that they are vigilant. 

This maximum point, therefore, is due to the human element contro o 





2 6 CHEMICAL ENGINEERING 

furnace and is not a real natural effect In general, as the amount of oxygen 
decreases, the amount of carbon monoxide will increase, the cur\e of the carbon 
monoxide thus following the dotted line upwards 

Now It has been explained that in general whenever carbon monoxide is 
produced there is a serious loss of heat amounting to over 10,000 B Th U ’s per 
I lb of carbon escaping as catbonmonoxide (see Fig 3) 

Now, by a somewhat elaborate calculation which you will find set forth in the 
“ Quarterly Report of the British Portland Cement Research Association for the 
Three Months ending 31st December 1921," it is proved that if U be the per 
centage volume of carbon monoxide in the exit gas, the percentage fuel loss due 


X OIZ3*S47e9lO 
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Fig 3. — Connection between the Amount of Free 
Oxygen and Carbon Monoxide in Flue Gas 
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Tic 4 — Quarterly Report of British PortJaod 
i'cnreiTi* .Vv'sBMk'tr* .ftjjiw.udjno showing 
Fuel Loss Due to Formation of Carbon 
Monoxide 


to this carbon monoxide is 5 84 U That is to say, out of every 100 tons of wal 
burnt the equivalent of 5 84 U tons are wasted owing to the formation of carbon 
monoxide gas during combustion of the coal Fig 4 shows this 

Hence we are now in a position to obtain a relationship between the amount 
of free oxygen in the exit gas and the loss of fuel corresponding thereto owing to 
the formation of carbon monoxide Table I will make this clear 
In column (i) is the percentage of free oxygen in the exit gas 
In column (2) is the corresponding percentage of carbon monoxide 
In column (3) is the corresponding loss of fuel obtained by multiplying the 
percentage of carbon monoxide m column (2) by the factor 5 84, as explained abo^ 
If we now plot column (i) against column (3), that is, the free oxygen in the 
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exit gas against the fuel loss due to carbon monoxide, we obtain the curve shown 
in Fig. s, which gives us the percentage loss of fuel due to carbon monoxide 
formation corresponding to any percentage of free oxygen present in the exit e-as 

In order to avoid drawing false ° 

conclusions, it should be carefully re- 
membered that this is a siatistical 
result and depends to some extent on 
the way the burners attend to the kiln 
and on the fineness to which the coal is 
ground. 

In order that these precise num- 
erical relationships should hold, the 
burners must continue to work as they 
worked during the tests, and the coal 
must continue to be pulverised in the 
same way. 

If we alter our mode of working 
{i.e., our statistical conditions) in 
general, the curves will alter to some 
extent, the exact amount of which can 
only be settled by experimenting under 
the new conditions. 

With this general proviso we may 
state, then, that in general, corre- 
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■ S- — Plotting Column (i) of Table I. 
against Column (3) to Secure Connection 
between Loss of Fuel Due to Carbon 
Monoxide and Free Oxygen in Fuel Gas. 


spending to any given percentage of free oxygen in the exit gas there corresponds 
a definite average loss of fuel due to the carbon monoxide present, and that the 
smaller the amount of free oxygen the greater will be the loss of fuel due to 
carbon monoxide formation. 


Loss of Fuel Due to Excess Air Present 

We must now consider the loss of fuel occasioned by the air present in excess 
of that required for combustion of the coal. Obviously, the more air we 
have present in the kiln, the greater the amount of heat that will be required in 
beating it to the temperatures prevailing inside the kiln. Because you cannot 
see the air you must not consider it is not there. One cubic yard of air weighs 
about 2J lbs. and requires about the same amount of heat to raise it to a given 
temperature as the same weight of clinker. In other words, the specific heat of 
clinker is about the same as that of air. You will see, therefore, that if you use 
more air than is required to burn the coal, you will have more waste gas to heat 
up to the temperature required for clinkering, and so you will be using valuable 
fuel for heating this air instead of producing clinker. Moreover, the presence 
of this excess air lowers the flame temperature of the burning coal and thus pro- 
duces a loss of what is known as chemical potential, and this leads to a serious 
loss of clinker, as becomes evident when we come to deal with flame temperatures. 
Without considering this aspect of the case, we will here merely deal with the 
direct loss of B.Th.U.’s which occur in the kiln, which loss may be taken as 
equal to the amount of heat required to heat the air from that of the external 
atmosphere up to the exit temperature of the gas leaving the kiln. It is quite 
true that the excess air when it reaches the clinkering zone or in the decarbonating 
pne is at a considerably higher temperature than when it leaves the kiln, but as 
it passes down the kiln it parts with this extra amount of heat to the walls of the 
kiln and the raw material it meets on the way down. Fig. 6 will make this clear. 

The air enters at a at a temperature of, say, 60° F., at b it attains a temperature 
of about 2,800° F., but going down the kiln to c, it gives up much of its heat 



CHEMICAL ENGINEERING 


2 8 

to the raw material, and its temperature steadily falls until it escapes at the end 
of the kiln at a tempenture of, saj , Soo® F Hence in the long run the only loss 
of heat IS the heat required to raise the tempetature of the air from 6o° to 800® F 
as indicated at d 

You will also see from this that the higher the exit temperature, the more 
serious will be the loss of heat For example, if the exit temperature was i ,000° F 
instead of 800® F the excess air would now be heated from 60° to 1,000® F 
instead of to 800® F , and obviously this requires more heat than before (Fig 7) 






euTefitKt cuNk^em Dtc^epoNATttJS ptHYpeorius 
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rue fie eeaht so* e to THt zkit retie 

Fig 6 —How the Temperature of the Excess Air \ aoes in a Kils 

Notice how rapidly the loss of heat increases with the exit temperature and 
how important it is from an economicaJ point of 1 lew to keep the exit temperature 
as low a' possible Fhe table on p a 10 sho%ss this in a 6omev,hat mote 
concrete form 


Loss of Fuel Due to the Combined Influence of the Carbon 
Monoxide and the Excess Air 

In the preceding sections we first of a)J ascertained the fuel loss due to the 
formation of carbon monoxide considered as one factor Then we ascertained 
the loss due to the excess air alone 'Ve must now find out the combined loss 
due to both of these factors acting separately \ ou will see that we can now do 
this 

We ha\e «hown that corresponding to any gnen percentage of free oxygen 
m our exit gas, we know the fuel Joss appertaining to the carbon monoxide and 
also that appertaining to the excess air present By adding these two losses we 
obtain the total fuel loss due to both causes acting together Let us give an 
actual example 

Let us suppose that the free oxygen in the exit gas is i o per cent Thenfrom 
Table I (p 2 s) ue see that the loss of coal due to the carbon monoxide is o 637® 
tons of coal Also frcm Table H (p 3 10) we see that the fuel loss due to excess 
air present when the exit gas has i o per cent of free oxygen present is 0 397* 
tons when the exit gas temperature is 460® F 

Hence the combined fuel Joss due to both causes is — 0 bjyo + o 3972 == i 0342 
tons of coal per 100 tons of standard coal burnt in the kiln 

B> repeating this calculation for the different percentage values of the free 
oxygen in the exit gas we arrive at the table of results on p 2 ii 

Fig 8 shows the results plotted for tliree different exit temperatures, and you 
will «ee here again how importan it is to keep the exit temperature as low as 
possible 

You will also notice the curious maximum point which is a statistical result 
due to the way the burner works the kiln by letting m excess air when the air 
supply becomes too small, as I explained before when dealing with the results 
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for carbon monoxide The minimum point occurs when the percentage of free 
OX) gen m the exit gas has the value x i per cent 

Jte haie thus arrived at the ver) important result that the best proportion of 
air to use is such as to^ield an emt gas containing i iper cent of free oxygen in ti 
It must be carefully remembered that this also is a statistical result, and depends 

Table II 

Tons of Coal Consumed in Heating Excess Air per too Tons 
of Coal Burnt tn the Furnace 

Standard Coal Calonhc Value, 12,600 B Th U ’s per Lb 


(rl 

PerOnt 0, in 
Volume in 
Exit Gases 

Temoeratiire of FxiC Cases 

(*) 

4&>*r 

(37 

760* F 

960“ F 


Tons 

Tons 

Tons 

0 X 

00364 

00712 

0 08461 

02 

00752 

0 IJ2J 

0 1692 

<» 3 

0 J»35 

0 199' 

0 2560 

04 

0 >5*7 

0 '672 

0 34’S 

OS 

0 1919 

03353 

0 43*3 

0 6 

0 2322 

0405s 

0 5*4- 

0 7 

0 2724 

04767 

0 6129 

e8 

0 3126 

05489 

0 7058 

0 9 

0 355 

0 6213 

0 7986 

I 0 

03972 

06942 

0 8925 

I I 

04396 

0 726' 

0 9884 

1 2 

0 4829 

084s 

I 08s 

I 3 

0 sr6» 

0 9214 

I 1S4 

I 4 

0576s 

I 000 

I 386 

I 5 

0 6221 

1 090 

1 400 

I 6 

0 6614 

« >5? 

1 489 

I 7 

0 7078 

I 239 

I 594 

I S 

0 7553 

I 322 

I 690 

2 0 

08512 

I 490 

I 916 

2 5 

I 114 

> 949 

2 SO7 


I 377 

2 410 

3 >oo 

3 5 

I 67- 

’ 9*7 

3 763 

4 0 

> 993 

3488 

4 483 

4 5 

•’ 342 

4 097 


S 0 

7-,4 

4 767 

6 130 

60 

3 604 

6304 

8 no 

70 

4 68s 

S 198 

>0 55 


upon the assumption that the kilns ccmtinue to be worked in the same way as 
heretofore by the burners and aUo that the coal continues to be ground to about 
the same degree of fineness If alterations in these basic procedures take place 
no doubt alterations in the concomitant statistical figures w ill result, which would 
haie to be redetermined by a fresh set of obsenations made under the new 
conditions 
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Questions of the Steadiness of Air Supply. — Now let us go back to the 
question of the steadiness of the air supply and consider it in the light of the 
preceding remarks. You will remember that matters are so worked by the burner 
that he has always too much or too little air passing into the kiln, but never the 
exactly correct amount. 


Table III 

Total Loss of Standard Coal in Tons per loo Tons Burnt in Furnace, Due to 
Combined Influence of Excess Air and Carboti Monoxide in the Exit Gases 
of a Ceme7it Rotary Kiln 


Average Excess 
Oxygen per 
Cent, by Volume. 

Temperature of Exit Gases. 

460’ F. 

760“ F. 

960° F. 


Tons. 

Tons. 

Tons. 

0.0 

2.92 

2.92 

2.92 

O.I 

q.98 

10. 01 

10.02 

0.2 

7.06 

7.11 

7.15 

0-3 

5 -iS 

S-23 

5.28 

0.4 

3.83 

3-95 

4.02 

o-S 

2-57 

2.71 

2.81 

0.6 

2.12 

2.30 

2.41 

0.7 

1-53 

1.72 

1.86 

0.8 

1.47 

1.70 

1.86 

0,9 

1. 14 

1.40 

1.58 

1,0 

1.03 

1-33 

1-52 

I.I 

0.91 

1.20 • 

1.46 

1.2 

0.88 

1.24 

1.48 

1-3 

0.90 

1.30 

1.56 

1-4 

0-93 

1.36 

1.64 

i-S 

0-95 

1.42 

1.73 

1.6 

0.96 

1-45 

1.78 

1-7 

I. 00 

I -53 

1.88 

1.8 

I .00 

1 .60 

1.97 

2.0 

I. 10 

1-74 

2.17 

2-S 

1.28 

2.12 


3-5 

1.78 

3-03 

3.87 

4.0 

2 .08 

3-57 

4-57 

5-0 

2.80 

4-83 

6.19 

6.0 

3-67 

6.36 

8.17 

7.0 

4-73 

8.24 

IO-S7 


Now refer to Fig. 2. When the excess oxygen is too much, as at a, he is 
wasting fuel, and when the excess air is too little, as at b, he is again wasting 
fuel. It is obvious, then, that the correct thing is for the supply of air to be 
steady in respect to coal so as to maintain the exit gas oxygen at about i.i per 
cent. Even if the burner arranges a series of fluctuations of air so as to maintain 
the average exit oxygen about right, this is not the correct thing to do, as his 
flame temperature will be lowered and a certain fuel wastage will occur all the 
same. 

Hence the correct thing to do is to eliminate all fluctuations in the exit oxygen 
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by ensuring a steady air supply in respect to the coal. How can we achieve 
this ? 

How to Obtain a Steady Air Supply— In order to obtain steadiness in the 
air supply we must help the burner. He now depends upon his eye alone, and 
is surprisingly .accurate. Nevertheless, you saw the fluctuations he makes. How, 
then, are we to help him ? 

Now the burner is obviously a very important man in a works. He may be 
likened to the driver of a motor car. Wlrat do we do with the driver of a motor 
car costing, say, ^ We give him all sorts of instruments to guide him. 

He has a little mirror to show him who is coming behind, then lie is given a 
speedometer to tell him how fast he is going, also voltmeters, petrol gauges, 
brakes, horns, and all sorts of gadgets. A motor car driver, then, is well provided 
for. What about the driver of a large kiln costing, say, p^2o,ooo, and burning many 
hundreds of tons of coal a week ? All the poor burner gets is a bit of blue glass. 



Fig. 9- — Dr Martin’s Arrangement for Air Control. 


which is a very crude instrument. In fact, the burner is the most neglected man 
on a works, whereas he should be most carefully provided with indicators for 
aiding him in gauging accurately the correct air supply. This brings us to the 
question of suitable instruments. 

The present instruments in use do not reach the burner. They are kept care- 
fully locked up in a glass case, which every now and again are inspected by a 
high official, but I do not think the burner regards them otherwise than with 
suspicion and dislike. They are no help to him, though they may indicate to 
the manager how in general the kiln is run. 

In general what the burner wants is an instrument which indicates to him 
from second to second the oxygen content of the exit gases, so that without leaving 
his position for a moment he can at once correct his supply with a simple turn 
of a handle just as a driver of a motor car can regulate his speed from second to 
second by looking at his instruments. Fig. 9 is a diagrammatic sketch of the 
type of arrangement that I mean. 

On the burner’s platform, in a position that he can see from a distance, is an 
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indicator which mo\es up and down a scale and indicates from second to second 
the oxjgen content of the exit gas 'When the indicator gets belon a position 
indicating less than i per cent of o3c>gen in his exit gas. a bell rings indicating 
danger, and the same applies when the oxjgen content rises be}ond 2 per cent 
The job of the burner is to keep the atr supply as steady as possible, so that m 
respect to the coal the exit gas has a umfonn steady oxygen content of i i 
per cent 

The writer has designed a recorder of this tj-pe which when fitted to an ordinary 
200 ft cement kiln will regularly sa\e from 50 to 150 tons of coal per week — 
according to the degree of prevailing mismanagement— and in many cases enable 
an increase of output of 10 to 40 per cent per week to be attained 


APPENDIX I 


Deduction of a General Formula for Calculating the Loss of Fuel 
Due to the Presence of Carbon Monoxide Gas in the Exit Gas for Cement 
Kilns — \VTien 1 lb of carbon is burned to carbon monoxide it produces 4,415 
B Th U ’s, whereas when burnt to carbon dioxide it produces 14,646 B Th U ’g 
“ Fuel, Water, and Gas Analysis,” 1919, p 178) 

Hence for every Jb of carbon escaping m the form of carbon monentde there 
occurs the very serious loss of 14,646-4, 4TS*»io,s3t B Th U ’s 
Let Q *= loss in tons of coal per too tons of coal fired ow mg to presence of carbon 
monoxide 

N =the number of tons of standard coal (12,600 B Th U ’sper lb ) consumed 
in making too cons of chnker, carbon monoxide being present in 
the exit gas, t e , combustion is incomplete 
Isj the standard coal consumption per 100 tons clinker which would have 
occurred if no carbon monoxide had been present in the exit gases, 
» e , if combustion had been perfect 
P-the percentage of CaCO, in the dried slurry 
C-the clinker output in tons per hour 
X-the weight of coal fired in the kiln in tons per hour 
Y*»the percentage of carbon in the coal used 
U“the percentage of CO by volume present in the exit gases 
V*the percentage of COj by volume present in the exit gases 
M = the calorific v alue of the fuel in B Th U 's per lb 

L=the loss of heat m B Th U ’sper lb of carbon burnt to carbon monoxide 
We take L* 10,251 B TTi U ’s per r lb carbon escaping as CO 


Then 


{ . izP C y L U Y rr 
^ \ (100-0 44P)XY;'M U+V i 7 


(i) 


^Vhen the quantities which occur in average cement rotary kilns are inserted 
m (i), It simplifies to the approximate formula — 

Q=*5 84U (i<r) 


These formulae are deduced as follows — 


Amount of Carbon Dioxide from Slurry during Clinker Formation — 
From the equation CaCOs — CaO+COj it will be seen that on ignition 100 parts 
of CaCOg lose 44 parts of CO*, or P parts of CaCO* lose 0 44P parts of CO* 
But 100 parts of dry slurry contain P parts of CaCO*, so that 100 parts of dry 
slunv when heated lose o 44P parte of CO* and yield 100-0 44P parts of clinker 
t e , (too - o 44P) tons of. clinker are attended with the evolution of o 44P tons of 
COj ' 
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Hence C tons of clinker produced arc attended with the evolution from the 
slurrv' of 


W - °-44P • 

^ 100-0.44P 


tons of CO2 


(2) 


Wj rcprcsenlb the number of tons of CO^ produced per hour in the furnace evolved 
from the slurry when C tons of clinker arc formed. 


Amount of Carbon Dioxide from Combustion of Coal.— From the equation 
C+0;=C02 it will be seen that i ton of free carbon completely burnt yields 
ie+3J=-44 

— tons of CO». 

12 

In 100 tons of coal there arc V tons of carbon too tons of coal burnt represent 

— Y or ~Y ton.s of carbon dioxide produced. 

12 3 

Hence, if \V„ represent the weight in /o/n of CO; produced per hour in the kiln 
by the combustion of the coal, .and X be the number of tons of coal fired in the 
kiln per hour, then 

= .X.Ytons .... (3) 

* 300 


Relative Weights and Volumes of Carbon Dioxide Produced from 
Coal and from Slurry respectively, which Occur in the Exit Gases of a 
Cement Rotary Kiln.— If \V be the total number of tons of carbon dioxide 
produced in the kiln per hour, K is m.ide up partly ol carbon dioxide arising 
from the decomposition of the slurry during the clinker production and partly 
from the combustion of the coal fired. 


Hence 


or 


\\ = W j + 2, 

0.44P . C ^ II 
1 00- 0.44 P 300 


. X . Y 


( 4 ) 


Out of the toUl \V tons of carbon dioxide in the exit gases, WC tons are due to 
coal alone. 

Wo 

So that for every unit wight of carbon dioxide in the flue there are units 
due to coal. 


But the weights arc directly proportional to the volumes. So that out of every 

W 

1 volume of COg in the exit g.osscs, ^ volumes arc due to coal. 

Since i volume of carbon monoxide in burning produces an equal volume 
of carbon dioxide, it follows th.it if combustion had been complete the percentage 
volume of COg in the exit gases would have been (U V) per cent., where U =the 
actual per cent, of CO, and V = per cent, of COg in the exit gases, and of this 

the proportion due to coal alone is (U • 

Hence we have the following relationship : — 

(U 4- V)^- per cent, by volume of COg in the exit gases corresponds to 


i.c., to (U+V)~-x 


lbs. of carbon burnt, 

12 ^ ^ burnt, 

44 y 
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if,tQ{\] + Y) 11 m M BThU ’se%oUed 

\\ 44 V 

^Iiere jM is the calorific ralue of the coal in B Tli U ’s per lb on the same 

proportional scale 

U per cent b> \olume in the exit gases corre«pond^ to U lbs of carbon 

burnt to CO, t e , to a loss of L U ^ ® U ’sow mg to the formation of carbon 

monoxide, L being the loss in B Th U 's when i Ib of carbon bums to CO instead 
of to CO. 

^\e hate seen that L==io,'»3i B Th U ’« 

Hence out of a total possible heat caolution of 

(U+Y) ^ MBThU’> 

" 44 > 

there are /ost on account of CO formation the amount of 

L U ^ B Th U 's 


So that out of a possible too B Th U s etoKed there are lost 


U 


-* B Th U ’s 


or substituting the values of \\ and \\. from (3) and (4) 
This reduces to 


Q.C. + i-P 1 L 

^ V (100-0 44P) \ \/ M U + \ 


' li B Th U 's 


Again since 100 tons of fuel lose Q tons due to carbon monoxide formation, 
the lo«s on N tons (where \ is the standard coal consumption per too tons of 
clinker produced) 1$ \ or the corrected standard consumption i» 


\, 


100 


or (6) 

too 

IS the smaller standard coal consumption which would hate been attamed 
if no thermal losses due to the formation of CO had occurred * e , if combustion 
had been perfect 


Application of Formula to Kiln Tests —The follow mg table of data com 
T lied from actual tests makes it possible to calculate the percentage loss of fuel 
Q due to the formation of carbon monoxide and also to calculate \ ,, Uie corrected 
fuel consumption Tlie results are shown in Table III on facing page 

On tabulating the percentage L ofCOmthe exit gases against Q, the percentage 
loss of fuel, we get the following table* — 

\ olume per cent CO L=oo6 013 014 029 072 08’ 

Percent loss fuel— Q-o 346 o 79S4 o S394 i G39 401 4 S06 

^=5 So 6x41 $996 5634 5 57 586 

The average value of ^ is 5 S4 whence 


Q=a84U 


(m) 



Rotary Kiln Research 




CHEMICAL ENGINEERING 


This IS the formula given above as applicable to cement rotary kiln practice 
The loss m tons per loo tons of coal burnt plotted against the percentage of 
carbon monoxide m the flue gases gives nearly, but not quite, a straight line 
It will be noticed that the loss increases very rapidly with the percentage of 
carbon monoxide e g , 9 . loss of 5 per cent on firing coal occurs when o 85 per cent 
CO IS present m the exit gas 


APPENDIX II 


General Formula for Calculating the Loss of Fuel Dae to Excess 
Air in Rotary Ktins 

Let M = the calorific value of the coal used in B Th U ’s per lb 
A = weight of air required theoretically to bum i lb of coal 
Oj“per cent by volume in exit gases of oxygen 
COj= ,, , „ carbon dioxide 

CO = , „ carbon monoxide 

N,®= , ,, „ nitrogen 

C »• , of carbon in coal 

H- of hydrogen in coal 

, Tc^temperature in Fahrenheit degrees m exit gases 
T*- ,, , , of external air 

S -specific heat of air, here taken as o 2375 
Q,^-the number of tom of fuel per 100 tons of fuel burnt m the furnace 
which are wasted in heating the excess air present to the exit gas 
temperature 

Thpn O -- to 54 Oa (<^ + 3H) (T^-Ta) 

^ M[roo-(CO + CO,+4 S265 Oj)] 


Weight of Air Required to Burn x Lb of Coal —If too lbs of coal contain 
C lbs of carbon and H lbs of combustible hjdrogen and if the air is taken as 
containing 23 per cent of oxygen by weight then from the equations 

C + Oj-COj, H,+0-HjO 

It isdeducedthat the weight ofairrequiredto buraClbs ofcarbonisC ^ 

and the weight of air required to bum H lbs of hvdrogrn is H 8 ^ 

Hence the weight of air required to bum too lbs of coal is 

c a + H 8 !S2.,. s9s(C + 3H)Ibs, 

12 23 25 

or the weight of air required to bum i lb of coal is given by 

A=o iiS 95(C+3H) lbs (0 


Connection between Weight of Air Uniting with the Coal and Weight 
of Excess Air Supplied 

From analysis — 

O2 volumes of oxvgen and Ng volumes of lutrogen are present in too volumes 
of exit gases 
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By Avogadro’s law the weights of the volumes of two gases are in the 
proportion O0X32 to NjXeS. Now N„X2S lbs. of nitrogen correspond to 

(N„X2S)^^ lbs. of air originally delivered, and O0X32 lbs. of oxygen corre- 


spond to (Oo X 32) lbs. of excess air originall)'- delivered. 

Hence out of (NoX2S)-°° lbs. of air originally delivered to the furnace there 
77 

were (0» x 32)^^ lbs. of air in excess of that theoretically needed to burn the coal, 

23 

i.c., out of every 1 lb. of air originally supplied, . — =3-8265 . lbs. 

No 28 23 No 

are in excess of that required to burn the coal. Hence to every -3.8265 . lbs. 
pass away with excess air, to et'ery i lb. of air which unites with the coal, 


3.8265 


I- 3.8265. 

jSi o 


lbs. 


of excess air pass away uselessly. 


Heat Loss in Heating Excess Air.— From the preceding result it follows 
that since i lb. of coal in burning unites with A = o.ii59S(C-l-3H) lbs. of air, 
the excess air present when i lb. of coal burns completely is 


o.ii593(C-t-3H) X 


3.8265.^ 0.4437 . (C + 3H) . ^ 


1-3.8265.°; 1-3.8265.?= 


Now, when i lb. of coal burns completely, there is evolved M B.Th.U.’s, and 
of this heat the amount used for heating the e.xccss air is 


0.4437 . (C + 3H) 


1-3.8265.?; 


2xSx(Tr.-T,0, 


where S=specific heat of the air = 0.2375. 

Tn = temperature degree of exit gases. 

Ta = temperature degree of external air. 

That is, out of every 100 B.Th.U.’s of heat evolved, there are wasted in heating 
the excess air 

o.4437(C +3H) . . S . (Tr. -Ta) . 100 

m(i -3.8265. 

Now the heat evolved is proportional to the weight of coal burnt. Hence it 
follows that if Qa represents the number of tons of coal consumed in heating e 
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excess air out of e^ ery i oo tons of coal burnt in the furnace, we ha\ e, remembering 
that N2 =ioc-(CO + COj + 02), and that S=o 2375 — 

o 4437(C+3H) Og (0237s) (Te~Ta) too 

Q ioo-(CO+C02+Qg) 

M - 3 8165 J— 

which reduces to 

0 - 10 S4 X Os X (C+3H) X (Tr -T a) 
W(ioo-[CO+COj+4 826502!) 

Conclusions —From this formula the following conclusions can be drawn — 

(1) The loss of heat due to excess air is directly proportional to the excess of 
emperature of the exit gases over the temperature of the surrounding, air Hence 
he advisability of keeping the exit gases at as low a temperature as possible 

(2) The loss of heat is nearl> proportional to the quantity of free oxjgen 
present, but increases somewhat more rapidly than the percentage of free oxvgen, 
/ ^ , if we double the percentage of oxygen, we somewhat more than double the 
loss of heat 
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CHAPTER III 

THE LAWS OF OUTPUT OF CEMENT ROTARY 
KILNS CALCULATED FROM PHYSICAL DATA 

Terminal Velocities Acquired by Hot Gases Flowing through Rotary 

Kilns 

A ROTARV kiln is a large conduit or pipe through which hot gas flows— first 
in an almost horizontal direction along the kiln, and then in a vertical direction 
up the chimne)’. 

The force urging the gases into motion is the force of gravity. Gravity pulls 
downwards i cub. ft. of cold air outside the kiln with a greater force than if pulls 
downwards i cub. ft. of hot gas inside the kiln. In consequence of the hydrostatic 
prc.ssurc thus set up, the dense cold gas is pressed into the kiln so as to expel 
the hot gas inside up the chimney. 

The case is analogous to a cork immersed in water. The cork is forced upwards 
owing to the fact that it is less dense than the water it displaces. That is, gravity 
pulls the cork downwards less strongly than it pulls downwards the surrounding 
water, so that the resulting hydrostatic pressure forces the cork upwards with 
a force equal to the difTcrence in the weight of the cork and of an equal 
volume of water. 

Now a cork rising ui)wards through the water from a great depth does not 
attain an infinite velocity. Its speed increases immediately after release, but 
the quicker it moves, the greater the resistance set up by the viscosity or internal 
friction of the surrounding liquid through which it moves, and very soon it 
attains what is known as a “ terminal velocity,” i .c., the cork acquires a steady 
uniform speed upwards. 

Precisely the same thing appears to happen to the hot gases rushing through the 
kiln. As they move they encounter resistance, partly from the walls of the kiln, 
but mainly owing to the viscosity or internal friction of the gases themselves. 

In each rotaiy' kiln the temperature conditions (and therefore density condi- 
tions) are more or Ic.ss the same when the same process of cement manufacture 
is worked. 

So that nearly the same limiting .speed or “ terminal velocity ” is attained 
by the gases issuing from the rotary kiln. 

In the case of the ordinary rotary kiln employing the wet process (40 per cent, 
slurry’) with an exit temperature of 800° to 900° F., the limiting speed of the 
gases escaping from the drying zone is usually about 16.1 ft. per sec. 

Percentage Fuel Consumption is Independent of Kiln Size, 
but Depends upon Kiln Shape 

Another experimental fact which occurs in rotary kilns of the ordinary shape 
is this ; — 

A large kiln consumes sensibly the same amount of fuel per 100 tons of clinker as 
a small kiln of the same shape, using the same raw materials. 

Kilns have been constructed ranging in size from 100 to 400 ft., and from 
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4 to 15 ft internal diameter , it has been found that quite small kilns (using 
the wet process) consume from 27 to ^tons of coal (dry, i lb =12,600 B Th U ’s 
per lb ) per 100 tons of clinker, which is sensiblj the fuel consumption of the 
large kilns 

This law 18 not at all obvious from theoretical considerations, because in 
general in engineering, the larger the unit the more economical it is to run As 
regards fuel consumption, this rule does not hold m rotary kilns 

General Calculation of a Formula Connecting the Output of a 
Rotary Kiln with its Diameter 

From the two preceding experimental laws it is now possible to calculate 
the output of clinker from a rotary kiln of any size, provided that it is of the 
usual shape 

The calculation is carried out as follows — 

Let V cub ft of exit gas at T“ F accompany the production of i lb of clinker 
S ft per sec be the terminal speed of exit gas issuing from the kiln 
d be the internal diameter of the kiln (brick to brick) in the calcining and 
drying zones, assuming that the kiln is of the same diameter in 
the calcining and drying zone The bricks m this part of the 
kiln are sometimes 6 m thick and sometimes j m thick, and 
sometimes are coated with slurry So that d represents the diameter 
inside tki iron shell of the kilo less the thickness of the bricks 
protecting the iron shell from the hot gases 
M be the output of the kiln in tons per hour 
Then — 

Volume of exit gas issuing from kiln is cub ft per sec 
Weight of dinker corresponding to this amount of slurry is 
lbs per sec , 
z6oo T «. 

O’* s — X -TV tons per hour 

'’240 4 V 

or — I tons per hour (i) 

Hence, knowing the value of the terminal speed S, the lolume of gas V eiolied 
per X lb clmkermade, and the diameter dof the kiln we can calculate the output of 
the kiln under anj conditions So far as I am aware, this formula is new 

APPLICATION OF FORMULA 
Case I— Yields from the Wet Process Rotary Kiln 
From an actual experimental determination I found that the composition 
of the exit gas issuing from a rotar> kiln making ordinary Portland cement out of 
a slurry containing 40 per cent of moisture, with a fuel consumption of 33 tons 
of standard coal per 100 tons of cement, was 

Carbon dioxide COj= 26 i lbs 
Nitrogen, Nj- 477 „ 

Steam, H^O = 22 9 . 

Excess air = 33 


100 o lbs 

Also I lb of clinker produced under these circumstances yielded 5 36 lbs of 
exit gas, which, at the exit temperature of 800® F , occupied rSr cub ft The 
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terminal velocity S of the exit gas was i6.i ft. /sec. This may be regarded as good 
average practice. 

Here V = i8i cub. ft. 

Under abnormally good conditions, however, the e-xit temperature may be 
considerably lower and the fuel consumption less, and under these exceptional 
circumstances V may fall as low as 133 cub. ft. of exit gas per i lb. clinker made. 
Substituting these values in formula (i), we have 
For good practice — 

M = i. 263 xi^flr 2 , 

181 

or M = 0.11 23^^ tons /hour . . . . (2) 

For abnornially good practice — 


M = 1 .263 X 

133 

= o . 1 53if- tons /hour . 

Substituting in these two formulas the different values 
tables of output ; — 


Table I 


of d, we get the following 


Wei Process Rotary Kilns for Cement Output in Tons per Hour 
from Kilns of Various Diameters 


Inside Diameter of Iron 
Shell of Kiln Assuming 
Bricks 6 In. Thick in 
Decarbonating and 
Drj’ing Zones. 

(0 

Inside Diameter of 
Kiln (Brick to Brick) 
in Calcining and 
Dr>'ing Zones. 
d Feet. 

(2) 

Good Average 
Practice : 

M=o. 11231/2 ._ 
Clinker Output in 
Tons /Hour. 

Abnormally Good 
Practice : 

M =0.1 53d-. 
Clinker Output in 
Tons /Hour. 

Ft. 

In. 

Ft. 

In, 



2 

0 

I 

0 

O.II 

o.is 

3 

0 

2 

0 

0.4s 

0.61 

4 

0 

3 

0 

1. 01 

1-37 

5 

0 

4 

0 

1.80 

2.4s 

6 

0 

s 

0 

2.S 

3-8 

6 

4 

5 

4 

3-2 

4-35 

6 

6 

5 

6 

3-4 

4.6 

6 

10 

5 

10 

3 .S 

5-3 

7 

0 

6 

0 

4.0 

5 -S 

7 

6 

6 

6 

4.8 

6.4 

7 

10 

6 

10 

S -3 

7-1 

8 

0 

7 

0 

s-s 

7-5 

8 

6 

7 

6 

6-3 

S.6 

9 

0 

8 

0 

7.2 

9.8 

9 

6 

8 

6 

8. 1 

1 1. 1 

10 

0 

9 

0 

9.1 

12.4 

II 

0 

10 

0 

II. 2 

I. s -3 

12 

0 

II 

0 

13.6 

18.S 

13 

0 

12 

0 

16.2 

2 2 .0 

14 

0 

13 

0 

19.0 

25.8 

15 

0 

14 

0 

22 .0 

30.6 

16 

0 

IS 

0 

25-3 

34-5 

17 

0 

16 

0 

2S.7 

39-2 

18 

0 

17 

0 

32.4 

44-3 

19 

0 

iS 

0 

36.4 

49-7 

20 

0 

19 

0 

40 -S 

SS -4 

21 

0 

20 

0 

45-0 

61.3 
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Remarks oh Table 

Any wet process kiln possessing a smaller output than given in the third 
column of Table I is obviously being seriously mismanaged 

The author has often found that rotary kilns are worked at less fh^ n half 
their proper capacity owing to lack of skilful management The figures given 
in the fourth column are seldom attained with small kilns, but as the diameters 
increase over lo ft the outputs given in the fourth column are often attained 
as the effects of slurry clinging to the brickwork and clinker rings have a less 
disturbing result in the case of large kilns than in the case of small kilns 


Case II —Yields from Dry Process Cement Rotary Kilns 


The data for applying formula (i) to dry process kilns is scanty In one 
particular case the fuel consumption was 22 66 lbs of coal per 100 tons of clinker, 
and i ib of clinker evolved 3 15 lbs of exit gas at 1,900“ F , which occupied 
approximately V=« 186 3 cub ft The terminal velocity of the gas was approxi- 
mately S=»i*Q ft /sec 

Substituting these values for V and S in the general formula 
M-I 


we get for dry process kilns 


M " 1 263 X 


1863 


o I356«r* 

for average practice 

Whence we derive the output shown in Table II on facing page 


Remarks on Table 

It will be noticed on comparing this table with Table I that dr> process 
kilns yield a somewhat larger output than wet process kilns of the same diameter 
Against this however must be set the cost and trouble of the preliminary drying 
cylinders 


Practical Importance of the 1 -aw Connecting Output with Siae 
The law enables us to check whether or not a kiln is being efficiently worked 
By virtue of this law the author found that many kilns were only running at 
half their possible output, and in the case of one works he increased the output 
from 4 to 6 tons an hour, resulting m an increased production of over 300 tons 
a week, or 15,000 tons a year 

r.’A? pTiSif &t that ante n-evc nearly « ton, a ss}^ng eSesied ixs this 
one works of about ;£i5,ooo per annum 

The application of the Jaw to two very large kilns caused their output to be 
increased from 7 tons an hour each to 12 tons an hour each or a total weekly 
increase of 1,600 tons 

Per annum this means 80 000 tons extra of cement, which, at a profit of 15s 
per ton, meant a saving of £60 000 per annum from one works alone 

This law was applied generally to most of the kilns in Great Britain, and the 
resulting savings ran into some hundreds of thousands of pounds per annum 

Possibility of Increasing Output for a Given Kiln 
Referring to the formula 
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Table II 

Dry Process Rotary Kilns for Cement Output in Tons per Hour 
from Kilns of Various Diameters 


Inside Diameter of 
Iron Shell of Kiln 
Assuming a Brick 
Lining 6 In. Thick 
in Decarbonating 
and Drying Zones. 

Inside Diameter 
of Kiln 

(Brick to Brick) 
in Calcining and 
Drying Zones. 
(/Feet. 

Good Average 
Practice : 
M=o.I 356(/-. 
Clinker Output 
in Tons/Hour. 

Ft. 

Ft. 


2 

I 

0.14 

3 

2 

0 -S 4 

4 

3 

1.22 

5 

4 

2.17 

6 

5 

3-39 

7 

6 

4.88 

8 

7 

6.64 

9 

8 

8.68 

lo 

9 

12.20 

II 

10 

13-56 

12 

II 

16.40 

13 

12 

19-52 

14 

13 

22.9 

IS 

14 

26.6 

16 

IS 

30-s 

17 

16 

34-7 

18 

17 

39-2 

19 

18 

43 9 

20 

19 

49.0 

21 

20 

54-2 


where M is the clinker output in tons per hour, S is the terminal speed in feet 
per second of the exit gas, and V is the volume of the exit gas in cubic feet per 
1 lb. clinker produced, it will be seen that the output of a given kiln may be 
increased in two ways : 

(1) By any means which reduces the volume of gas V found per lb. of clinker 
made. 

Consequently, reducing the fuel consumption per i ton clinker made, or 
reducing the exit temperature of the exit gas, will enable a given kiln to give a 
larger output. 

(2) By any means which increases the terminal speed S with which the gas 
issues from the kiln. The introduction of fans or other means of increasing the 
terminal speed of the issuing gases has been patented by the writer (British 
Patent, 282868, 1927). 

The following is a description of this patent : — 

The output of clinker from a rotary kiln is proportional to the quantity of gases 
passing through the kiln in a given time ; consequently, by increasing the linear 
speed with which the gases traverse the kiln, we increase the clinker output from 
the kiln. In the ordinary rotary kiln as operated at the present time, the gases 
traverse the kiln at an average linear speed not greater than 22 linear ft. per second 
through the clinkering and/or decarbonating zone, and at an average linear speed 
of about 16 linear ft. per second in the final or drying zone. 

3 
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It IS these conditions which limit the output of the rotary kiln to that which 
prevails in the usual practice at the present time 

In the present patent, No 282868, this current process is deviated from 
inasmuch as the average linear speed of t^ gases traiersing the kiln are maintained 
substantially higher than those now used in the present day practice In this new 
process, on the average, the gases are maintained at an average linear speed of 
not less than 30 ft per second in the clinkering zone and/or decarbonating zone of 
the kiln, and not less than 22 ft per second in the final or drying tone, but speeds 
either greater or less than those mentioned may be used By this means the output 
of clinker from a given kiln of the usual dimensions is increased by about 36 
per cent By causing the gases to traverse a kiln at higher average linear speeds 
than those mentioned, a corresponding increase of clinker output is secured, 
but at lower speeds a correspondingly staler output of clinker occurs 

In one form of the invention the gases may be made to traverse all zones more 
rapidly than is the present practice In another form of the invention the gases 
may be made to traverse some zones more rapidly than at present, but other zones 
at the same rate or at a slower rate than is the present practice In a preferred 
form of the invention the gases may be made to traverse baffles, the gases being 
made to pass through the baffles at the high average linear speeds essential for 
an increased output This arrangement possesses the advantage that the gases 
give up their heat effectively to the raw material, and at the same time infernal 
radiation losses are prevented whereby an increased output, combined with an 
increased fuel economy, is secured The average linear speed of the gases passing 
the baffles 1$ measured or defined as the mean length of the sinuous path described 
by the greater portion of the gas passing through the baffle system divided by the 
time taken for a small portion of the gas to describe this path The effect of the 
baffles IS to make the gases passing through a kiln describe a longer path than 
vthen passing through a kiln not so fitted So that the effect of placing baffles in 
a kiln is to make the kiln act as a longer kiln This variation in the rate of travel 
of the gases m the different zones of the kiln may be brought about by enlarging 
or contracting the cross sectional area of the different zones and/or by inserting 
baffles therein 

One method of carrying out the invention is to place a powerful fan at the 
end of the kiln of such a horse power as to cause the gases to traverse the kiln at 
average linear speeds substantially greater than those prevailing at the present 
time In order to protect the fan from the high temperatures of the issuing gases, 
the latter may be cooled by means of sprays and/or jets of water, and/or by 
passing the gases through a waste heat boiler before allowing the hot gases to 
impinge on the fan Instead of a fan we may use a pump injecting cold water 
into the issuing gas and thus cooling it, and forcing it by injector action into the 
external air 

Another prelerred lorm d carrying out the invention is to use fne haffies 
m conjunction with a fan or other means of suction applied at the cold end of the 
kiln, whereby the gases are pulled through the baffles at the high average linear 
speeds essential for an increased output, and at the same time the baffles prevent 
mtemal radiation losses 
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CHAPTER IV 

THE SIZE OF THE CLINKERING ZONES OF 
CEMENT ROTARY KILNS NECESSARY FOR 
A GIVEN OUTPUT CALCULATED FROM 
THERMODYNAMICAL DATA 


Temperature Required for Making Clinker 

(i) In order to make Portland cement clinker, the raw materials in the final 
stage must be heated to about 1,371° C. (2,500° F.) so as to reduce the constituents 
to a mass not wholly fused nor wholly solid. If heated too highly, it is commonly 
stated that clinker becomes inert and unsuitable for making cement. If not 
heated highly enough, an unsound clinker is produced, which expands on cooling 
and falls to dust. 

(2) In order to attain this cl inhering temperature of the material, the brick 
walls of the kiln must be heated to a temperature considerably higher than this, 
yet not so high as to cause the brickwork to fuse. 

(3) Also it is assumed that the whole of the heat necessary to make the clinker 
passes through the clinkering zone. 

(4) Then the area of surface of the clinkering zone must be such that in a 
given time it must radiate away absolutely as much heat as passes through the 
clinkering zone per unit time. From this fact we can calculate the surface 
required to produce a given amount of clinker. 


Calculation of the Heating Surface Required in the Clinkering Zone 


Let y lbs. of clinker be made by the combustion of i lb. of coal of 12,600 
B.Th.U.’s per lb. 

M tons per hour of clinker be made = 2,24o M lbs. per hour. 

In order to make this weight of clinker, the weight of coal required is 
2240M hour, and the B.Th.U.’s are evolved from the coal at the rate of 

y 


— - 4 - M ^ 12,600 = — X 28.23 X 10® B.Th.U.’s per hour 

y y 


(i) 


In the ordinary construction of the kiln this heat is liberated in the clinkering 
zone at the high temperature of over 1,371° C. (2,500° F.). The surface exposed 
by the clinkering zone must be such that when heated to this temperature it will 
radiate away per hour as much heat as it receives. The reason of this is that 
the coal in burning in the clinkering zone can generate a much higher temperature 
than 1,371° C., and therefore, if there is not sufficient radiating surface exposed 
by the clinkering zone, the temperature of the surface of the clinkering zone will 
steadily increase (and thereby its rate of radiation steadily increase) until it 
radiates away per hour as much heat as it receives. 

Now if the clinkering surface be made so large that when it attains the clinker- 
ing temperature of 1,371° C. (2,500° F.) it radiates away as much heat in a given 
time as the coal imparts to it, it obviously cannot be heated beyond this temperature 
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by the amount of coal burnt in the kiln, and consequently overheating is impossible, 
because if the temperature ofthebnck surface rises be) ond 1,371“ C it will radiate 
auay more heat than it receives from the coal 

Hence the area of the necessarv surface of the clinkering zone can be calculated 
on the assumption that when heated to the clinkering temperature of 1,371“ C 
(2,500“ F ) It will radiate anayas mudi heat as the coal burnt within it can 
generate in the same time 

Hence ue have to calculate the surface S sq ft of the clinkering zone, whidi 
when heated to 1,371“ C (2 500 “F), will radiate away per hour 


28 23 X lo* X - B Til U 's, 

y 

where M ^number of tons of clinker made per hour 

y^number of lbs of chnker made by the combustion of i lb of coal of 
12 600 B Th U s per lb 
By Steffan’s Law of Radiation — 

Q = E<rT* (2) 

where Q=number of gram calories radiated per second per square centimetre 
of radiating surface 
E=the emissivity of the brick 
tr-'the emissivily of a ' black body radiation 
T-the absolute temperature m centigrade degrees 
According to A T Green * — 

ForbrickE«o 72 

o-Mj 279x10 ** gram cals /sec /sq cm 
Also T»i37i‘' C -1371*’ + 273“ absolute 1644“ absolute C 
Sothat Qwo 72 X r 279X 10 ‘*x(i644)* 

•■6 728 gram cals /r sec /r sq cm 
Now , converting these into the British system of units t — 
r sq ft -o929xio*sq cm 
I hour = 3 6 X 10* sec 
z B Th U -252 gram-caJs 

Hence 

Q* — x(3 6ooxio®)x(o 929 X 10*) 

2 52 X 10 

or Q = 8 93 X 10* B Th U s/i hour/i sq ft 

Hence the radiation from S sq ft is 

Q = 8 9JX ic*xS B Th U sperhour (3) 

Equating this against the heat evoUed from the burning coal we haie 


M 


X28 23X io*»=8 94X lo^xS, 
. 8 93 ^ lo* .. 


- — « xyS 

28 23 10* 

M o 3167 X io“^S 
c -M 

S = 3 is 7— 


(4) 

(5) 


In words — 

Jn order to make M /<p«j of clmJter per hour and assuming all the coal ts burnt 
tn the clinkering zone, and that the tffiaency of the kiln »J such that it makes y lbs 

• The Thermal Properties of Refractory Materials Trans Eng Ceramic Sac 1923 
70l XXV p 3S3 

t In British Units ^ 

H=B Th U s'l»ur/«qBarefert-o7-XOl62Xlo-'X296oi 
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of clinker for i lb. of standard coal burnt therein of 12,500 B.Th.U.'s per lb., 
then the surface necessary for the clinkering zone is given by the formula 

S =315-7— sq. ft. 

y 

This result is new. 


Practical Application 


Assume^ = 3 lbs. of clinker made in the kiln per i 
{i.e., a fuel consumption of 33 per cent., which is by 
ordinary rotary kiln). 


Then 


M 

8=315.7 — = 105. 2M sq. ft. 
3 


lb. of standard coal burnt 
no means unusual in the 

. . . . ( 6 ) 


or to every i ton of clinker made per hour we must allow 105.2 sq. ft. in the 
clinkering zone. 

Hence we obtain the following table : — 


Table I 

Showing Necessary Surfaces of Clinkering Zones for Various Tonnages of 
Clinker frotn Kilns with a Fuel Consumption of 33 per Cent, per 100 Tons 
of Clinker 

Formula S = io5.2M. 


Clinker. 

Tons)Hour. 

M. 

Surface of 
Clinkering Zone. 
Square Feet. 

S. 

Clinker. 

Tons/Hour. 

M. 

Surface of 
Clinkering Zone. 
Square Feet. 

S. 

I 

105.2 

II 


2 

210.4 

12 

i 1 

3 

315.6 

13 


4 

420.8 

14 


s ■ 

526.0 

15 

\ \ 

6 

631.2 

16 

1683.0 

7 

736.4 

17 

1788.0 

8 

841.6 

18 

1894.0 

9 

946.8 

19 

1999.0 

10 

1052.0 

20 

2104.0 


Length of Clinkering Zone Appertaining to a Given Diameter and 

Clinker Output 

In the preceding sections the correct surfaces have been calculated for a given 
clinker output, and a definite law expressed by the formula 

S = ios.2M sq. ft. 

was found to apply. 

This law, in conjunction with the law explained in Chapter III. connecting 
output with diameter, enables us to calculate the length of the heated surface 
of the clinkering zone for a kiln of any given diameter 
Let the output be M tons of clinker per hour. 

Let the diameter (reckoned brick surface to brick surface) be d ft., when the 
connection between M and d is given by the formula of Chapter III., viz. 

M = o.ii23(f^, or £7=2.98 ./M ■ • ■ • (i) 

Let L be the required length of the clinkering zone and S the necessary surface 
for an output of M tons an hour. 

Then S=~</L ...... (2) 
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and therefore 
Substituting 
and 

we have 


S^io 5 sM 

d =p o/i^oM = \J ^ s/m, 
</=2 98 Vm, 

T _ IQS 2M 
irxa 9 Ss/M 

IT 

L=«ii 24 s/m 




(4) 


Hence the length L of the clmkering zone for a given clinker output 
M tons /hour can be easily calculated This formula is new 
Hence we obtain the following table — 


Table II 

Showing Connection between Output and DtamtUr and Length of the Clmkering 
Zones of u Cement Rotary Kiln 


Output 

Tom/Hour 

M 

Length of Chnkenng 
Zone 

L«ti 24M 

Imide Diameter of 
ClinketineZone 
Bnck to Brick 

Inside Diameter of 
Iron Sheet ol 
Clmkeiini Zone 
Allowing 9 In Brick 
Lining 



Ft In 

Ft In 

1 ot 

II 34 

3 0 

4 6 

I So 

1506 

4 0 

1 t 

3 8t 

z8 88 

S 0 

6 6 

3 30 

20 13 

5 4 


340 

30 70 

S 6 

1 ° 

Z io 

31 93 

5 to 

7 4 

4 OQ 

22 47 

6 0 

7 6 

4 80 

34 61 

6 6 


5 30 

2585 

6 lo 


5 50 

263 

7 0 


6 30 

28 21 

7 6 

9 0 


30 13 



8 10 


8 6 

lo 0 

9 10 

33 95 

9 0 


II 20 

37 65 

10 0 

C 

13 00 

41 47 

11 0 


16 20 

45 20 

12 0 


19 00 

49 CO 

13 0 

14 6 

22 00 

35 30 

52 73 

56 S3 

14 0 

15 0 

16 6 

28 70 

32 40 

60 25 

639s 

16 0 

17 0 

18 6 

36-40 

67 78 

18 0 

ly C 

40 so 

71 48 

19 0 

20 0 

45 00 

75 4 






CHAPTER V 


CALCULATION OF SIZE OF THE DECARBON- 
ATING ZONE FROM thermodynamical 
DATA 

Calculation of Number of B.Th.U.’s Radiated Away by the Walls 
of the Decarbonating Zone 

In the Decarbonating Zone the calcium carbonate begins to decompose 
at 805° C. (1,481° F.), and the decomposition is completed at 1,100° C. (2,012° F.). 

Hence we may take the a\'erage temperature of the material 952.5° C. (1,747° F.) 
and the average temperature of the gas traversing this zone to be 1,126° C. 
(2,060° F.). 

The temperature of the walls surrounding the raw material will be lower 
than the temperature of the gas, but higher than the temperature of the raw 
material. We will, for the basis of this calculation, take the average temperature 
of the walls in the decarbonating zone to be 1,100° C. (2,012° F.) 

= 2,472° F. absolute. 

The absolute amount of heat which can be radiated away from the walls 
heated to this T° F. temperature is H=Eo-T* 

when E = emissivity of the brick=o.72. 

<r=black body radiation constant 
= 0.162 X io“® B.Th.U.’s/hour/i sq. ft. 1° F. 

^Vhence H=o.72 >c 0.162 x io~® x (2472)* B.Th.U.’s/i hour/i sq.ft. 
H=43,358 B.Th.U.’s/r hour/i sq. ft. 

And if S be the total surface in square feet of the decarbonating zone, the 
total amount of heat radiated from the walls is 

HS =43,3588 B.Th.U.’s in I hour . ■ (1) 

Calculation of the Amount of Heat Absorbed by the Raw Material in 
the Decarbonating Zone per i Lb. of Clinker Made 

In order to make i lb. of clinker we require 

1.1905 lb. calcium carbonate, CaCOs. 

0.1846 lb. pure kaolin, K ,0 . ALOs . GSiOo. 

0.1540 lb. silica, SiOj. 

0.0312 lb. ferric oxide, FejOs- 


Total, 1.5603 Ib. 

In order to decompose 1.1905 lbs. of calcium carbonate at 805° C. requires 
1.1905x682=811.92 B.Th.U.’s. 

There remains 1 lb. weight of raw materials which must be heated from 
1,481° F. (805° C.) to 2,012° F. (1,100° C.). The specific heat of the raw material 
may be taken as 0.28, so that the quantity of heat absorbed in this operation is 
0.28 X (2012 — i48i) = i48.7 B.Th.U.’s. 
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Hence the total amount of heat absorbed in the decarbonating zone per i lb 
of clinker produced is 

148 7 + 811 9=960 6 B Th U ’s, 

or per i ton of clinker made, the number of B Th U *s absorbed or rendered 
latent m the decarbonating zone is 

960 6 X 2240 = 2 152 X 10* 


Calculation of the Surface Required m the Decarbonating Zone per 
M Tons of CliiUcer Made in the Kiln 
Let^lbs of clinker be made by the combustion in the kiln of 1 3 b of standard 
coal of 12,600 B Th U ’s per lb 

Let M tons per hour of clinker be made=2,24oM lbs per hour 
In order to make this weight of clinker, the weight of coal required 
IS 2240— lbs per hour, and the number of B Th U ’s evolved from the 

y 

coal per hour are 


2340M 


12600 = 28 23X 10*— B Th U ’s per hour 


All this heat pours down through the decarbonating zone But m making 
M tons of clinker there are absorbed or rendered latent in the decarbonating 
zone 

s 152 X io*M B Th U 's {2) 

Hence there occurs an unbalanced residue of heat pouring through the 
decarbonating zone of 

28 23 X 10*— -2 152 X io*M B Th U 5 


is»)BThU ’s 


This heat, being free, must be counterbalanced by the same amount of heat 
radiated from the walls of the decarbonating zone because the temperature of the 
walls of the decarbonating zone must steadily increase as the free heat plays 
upon them until they radiate back as much heat as they receive m a given tune 
Hence, equating the heat radiated away by the walls against the free heat 
from the coal, we get 

«3s8S.Mxio*(2^-,.S«) 

M X JO* /28 23 


— 


a-2 rs2 




(J) 


4 3358 X 

= M - o 4963^ 

or S = - 49 

wnere S = number of square feet required in decarbonating zone to make 
M tons of clinker per hour 

M =number of tons of clinker made per hour by kiln 
_y = number of lbs of clinker made per i lb of standard coal burnt 
m kiln 

This formula is new 


Practical Application of Formula 

Assume j = 3 lbs of clinker per 1 tb of coal burnt (» e , a fuel consumption of 
33 per cent , which is an ample allowance) 
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Then the surface is 

S = m(^ -49.63) 

M = (217 -49.63) 

S = i67.4M ( 4) 

From this formula we can calculate the required surface in square feet in the 
decarbonating zone for any required clinker output. 

T.\ble I 

Shoiviyig Surface Necessary in Decarbonating Zone for 
Various Tonnages of Clinker per Hour 

S = i67.4M. 


Tons of Clinker 
per Hour. 

M Tons. 

Requisite 

Surface. 

S Square Feet. 

I 

167.4 

2 

335-0 


502.0 

4 

670.0 

5 

S3 7.0 

6 

1005.0 

7 

1172. 0 

s 

1339.0 

9 

1507.0 

10 

1674.0 

II 

1841.0 

12 

2009.0 

13 

2176.0 

14 

2344.0 

15 

2512.0 

16 

2678.0 

17 

2S46.0 

iS 

3013.0 

19 

3181.0 

20 

334S.O 


Calculation of Length of Decarbonating Zones Corresponding to a 
Given Diameter and Clinker Output 

In the preceding section the correct surface has been calculated for a given 
clinker output, and a definite law, expressed by the formula 

5 = 167.4^1, 

was found to apply. 

This law, in conjunction with the law explained in Chapter II. connecting 
output with diameter, enables us to calculate the length of the heated surface 
of the decarbonating zone for a kiln of any given diameter. 

Let the output be AI tons of clinker per hour. 

Let the diameter (reckoned brick surface to brick surface) he I it. 

Then the cormection between M and d is given by 

M = o.ii23<f^, or r/=2.9S 


■ (I) 
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Let L feet be the required lorgth of the dinkenng zone, and S the necessary 
surface for an output of M tons an how 

Then S=»-</L (2) 

or L.^ (3) 

Substituting 5 = 167 4M 

<^=*98^0, 

we have 

»-X2 98 Vhf 

9 363 

or L=I7 88‘s/M 

Hence the length L of the decarbonating zone for a given clinker output M 
can be easily calculated by this new formula 
The following table gi\cs the results — 


CsHKteiioH hilwsen Output, Diameter, and Length of the Decarionaitng 
Zones of a Cement Rotary Ktln 


Allowing for 
6 In Brick Lining 
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CHAPTER VI 


THE DIMENSIONS OF ROTARY KILNS, INCLUD- 
ING RULES FOR FINDING THEIR LENGTHS 
AND DIAMETERS, AND SIZES OF DECAR- 
BONATING, PREHEATING, AND DRYING 
ZONES OF BOTH WET AND DRY PROCESS 
KILNS 


The size of the clinkering and decarbonating zones can be calculated from the 
radiatory constants alone. 

In the case of the preheating zone, and drjdng zone, however, much of the heat- 
transfer takes place through convection and conduction, radiation playing a 
progressively smaller part as the temperature decreases. 

So that theoretical deductions of their respective sizes are difficult. 

However, as a matter of empirical experimenting it has been found that the 
following formulas give approximately correct results in the case of the wet process 
employing 40 per cent, slurry moisture : — 

Let L be the total length of the kiln. 

Then: — 

Cooler End=Q.o^l2L.=—'L approximate. 

21 


Clinkering Z(3«e=o.i905L=— L approximate 

21 

CO^-Exi>ulsion Zone=o.228i'L = — 1 , (say, JL). 

“ 21 


Preheating Zone=o.i429L=—L. 


Prying Zone=o.3333L = ^L (say, ^L). 


Cooler 

Clinkering 

CO-’ExpuIsion 

Preheating 

Drying 

End. 

Zone. 

Zone, 

Zone. 

Zone. 

Al 

Al 

-5-l 

1l 


21 

21 

21 

21 

21 


Ratio of Length of Kiln to Diameter 

Wet Process.— If d’ be the diameter in feet of the kiln, brick face to brick 
face, and if L feet be its length, a good rule is 

L = 27</' minimum \ _ (j) 

L = 29^/' maximum J 

The trouble is how to determine d' . A formula which the writer has worked 
out and which allows for the fact that the larger the diameter the smaller the 
relative cooling surface prescribed, and which gives very reliable results is this . 

L = 25 (</-i. 5 )+o. 2 (</-i.s)- • • • • (2) 

when L is the length of the kiln in feet. _ , , • 

d is the diameter of the iron shell in the decarbonating and drying zones. 

Where the diameters vary down the kiln, must be taken as the average diame er. 

The following table is calculated from formula (2) : 
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Table I 


Showing Connection between Diameters and Lengths of U'ei Process 
Cement Rotary Kilns 
L=2S(</-i 5)+o 5)* 


Diameter of Shell 
d Feet 

L Feet 

Diameter of Shell 
d Feet 

Length 

L Feet 

Ft la 

Ff 

Ff 

Ft 

3 0 

38 

10 

227 

4 0 

64 

11 

255 

5 0 

90 

12 

284 

6 0 

117 

*3 

3*4 

6 6 

»3o 

*4 

344 

7 0 

*44 

*5 

374 

7 6 

*S7 

16 

405 

8 0 

171 

17 

435 

8 6 

*85 

iS 

467 

9 0 

199 

19 

499 

9 6 

213 

so 

531 


For Dry Process Cement Kilns the material is already dry before it reaches 
the Uln, and consequentJv the kiJn is shorter by Approximately the drjmgeone 
The following formula gives fairly reliable results for the connection between 
the length in feet of a dry process kiln and its diameter — 

L = 2o(«f is)+o2{<f j 5)*, 
where L and d have the same meaning as before 

The following table is compiled from this formula — 

Table II 

Showing Connection beiueen Lengths and Diameters of Dr} Process 
Cement Rotary Kilns 
L«-jo(«/- I s)+o j(</- I s)* 


Diameter of Iron 
Shell 
rfFeet 

Length of Kiln 

1 Feet 

Diameter of Iron 
Shell 
rfFeet 

Length of Kiln 

L Feet 

Ft In 

Ft In 

Ft 

Ft 

3 0 

30 6 

10 

tSS 

4 0 

51 0 

11 

20S 

S 0 

72 0 

12 

23* 


94 0 

13 

2S7 

6 6 

106 0 

14 

281 

7 0 

117 0 

15 

307 

7 6 

129 0 

16 

332 

8 0 

JJ9 0 

17 

3J8 

8 6 

ISO 0 

18 

385 

9 0 

16] 0 

•9 

412 

9 6 

173 0 

20 

439 


Other formula ' — 

1 A rough practical rule for kiln capaetiv (wet process, 40 per cent slurry) 
is o 02 cwt of clinker per kiln hour per cubic fixit of internal capacity 

2 Another rule is o 336 lb clinker per kiln hour per 100 sq ft heating 
surface (wet process, 40 per cent slurry moisture) 

3 Harrison's formula is Number of barrels of cement clinker (each 380 lbs 
weight) per hour o 6 x inside diameter of kiln in feet x length of kiln m feel 
(wet process cement kilns, 40 per cent slurry moisture) 





CHAPTER VII 


TEMPERATURES AT WHICH CALCIUM AND 
MAGNESIUM CARBONATES DECOMPOSE IN 
THE CEMENT ROTARY KILN 

§ I. The theory of the expulsion of carbon dioxide from carbonates is well known 
and is explained in works on physical chemistry. 

The reaction is reversible, and takes place according to the equation 

CaCOg x CaO + COo. 

Calcium Lime. Carbon 

carbonate. • dioxide. 

Corresponding to each particular temperature T there is a definite fixed 
pressure p of the carbon dioxide, such that if the pressure of the carbon dioxide 
in the surrounding atmosphere be less than this pressure, the calcium carbonate 
will completely decompose, thus : — 

CaC 03 ^ CaO + COo, 

whereas, if the surrounding pressure of the carbon dioxide be greater than this, 
the lime will be completely retransformed into CaCOa, thus : — 

CaCOg —CaO + C02. 

The following is a table of these dissociation pressures taken from John 
Johnstone’s results,* which are the most accurate determinations to date, and 
have recently been confirmed f ; — 


Temperature, 

Equilibrium 
Pressure of 
Carbon Dioxide. 

1 

Temperature, 

( 

Equilibrium ' 

Pressure of ' 

Carbon DioKidc. ^ 

° c. 

Mm. 

-c. 

Mm. 

500 

O.II 

Soo 

1 68 

55 ° 

0-57 

850 

373 , 

600 

2-35 

898 

760 

650 

8.2 

900 

773 

700 

25-3 

95 ° 

1,490 

750 

68.0 

1,000 

2,710 1 

1 


* Joh 7 i Johnstone, “ The Tlicrmal Dissoci.ntion of Calcium Cirlxmate,” Jonr. Amer. 
Chem. Soc., 1910, x.xxii., 93S. 

t Pierre Jolibois ct Poiivier, Coviptes RenduSj I92lj 1182-1103. 
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Pjo j —The Dissociation Pressures of Magnesium Carbonate (kfl) and 
Calcium Carbonate (ngit) 


greater than i atmosphere, no decomposition ensues no matter how long the 
CaCOs be heated to 8g8® C 

It IS obvious, therefore that the rate at which the calcium carbonate decomposes 
depends almost entirely upon the conditions under which it is heated, e g the 
calcium carbonate is heated in a rapid current of gas free from carbon dioxide, 
so that the carbon dioxide is removed from tite material almost as rapidly as 
evolved, the rate of decomposition will be far more rapid than if the CaCOj be 
heated m an atmosphere of gas omtammg much COg 

Consequently, although the dissociation of CaCO j under atmospheric pressure 
m an atmosphere of COg will only proceed to completion at a temperature about 
898® C , nevertheless, in a rotary kiln, where the mass is heated in a current of 
gas of which only a percentage consists of carbon dioxide, the decomposition 
lull proceed almost to completion at a fairly rapid rate before this temperature 
is attained We can, however, calculate the temperature at which the decom 
position of the CaCOg begins in the rotary kiln as follows — 
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Calculation of the Temperature at which CaCOg begins to Evolve 
COo in a Cement Rotary Kiln 


Assume as approximately correct in ordinary practice that the weight of 
CO, expelled from the slurrj’ is half the weight of the clinker produced, 
also that loo tons clinker are produced by burning 30 tons of coal con- 
taining 70 per cent, carbon. Then CO, from the slurry is 50 tons and 


CO, from the coal is 77 tons, so that i part of CO, consists of 


slurry and from coal or 24 parts of CO, consist of 9.5 from 


- 5 ^ parts from 
127 

slurry and 14.5 


from coal. 

Hence we deduce that if the exit gas from the kiln consists of 24 volumes CO^, 
I volume 0 , and 75 volumes N per 100 volumes, this gas, as it comes from the 
sintering zone and before enriched with the carbon dioxide from the chalk, will 
have the C 0 , = i6 per cent., 0 ,= i.i per cent., N = 82.9 per cent, composition 
by volume. Hence the partial pressure of the CO, in the furnace gases as they 


<I(^s Lenvius c/ticmvti zona- 


c/is le/ti/m siNTtem zont 


pxpuLsm CP rmte axpuLStotJ op cO[ 

cuNPte poptdtp 

B 

1 

1 CCi 

1 Ot- iTt cPLcmtJtf zoup 

J Uz ^ 7S% 

^\T'n'r 

\0c>U7, ^ 

1 

B 

B - 



Ffiemt PFtssuea of coi-.p>iez% 
mip. OP iftiriPL eop'c 

PPCOhlPOSlTIOH (i^jCOj’t’ 3PZ*C 


P^ISZ% 

t‘7S4-’C 

t'JsRc 


Fig. 2. — Composition of Gaseous Atmosphere Inside the Cement Rotary Kiln. 


leave the sintering zone must be 0.16 atmosphere = 122 mm. of mercury, and as 
they leave the ealcitting zone must be 0.24 atmosphere = 182 mm. of mercury. 
This is illustrated in Fig. 2. 

Now, referring to the curve of equilibrium pressure for the CO5, we see that 
when p — \zz mm., the temperature at which the chalk begins to decompose is 
784° C., whereas when / = r82 mm., the temperature of initial decomposition 
of the chalk is 805° C. 

Conclusion. — In a rotary cement kiln worked under normal conditions the 
chalk feed begins to evolve carbon dioxide at 805'’ C., but as it approached the 
sintering zone the temperature at tvhich it begins to evolve CO^ is reduced to 
784° C. 

Practically this means that the evolution of carbon dioxide from chalk is almost 
infinitely slow when its temperature is 805° and 7^4° C. respectively at the 
points B and a respectively in the kiln, but as the temperature of the raw material 
increases beyond these limits, the rapidity of expulsion is rapidly increased. 

By the time the temperature of the chalk has reached 900° C. under these 
conditions the bulk of the carbon dioxide probably has been expelled, the last 
traces being eliminated probably at 1,100° C. _ i 

It should be observed that the time factor is of great importance. For example. 
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years would be required for the complete expulsion of the carbon dioxide from the 
chalk heated to 805® C at the pioint b of the furnace m Fig 2, where it is exposed 
toanatmosphere consisting of COj=24 percent , 0 =i opercent ,N = 75percent 
Whereas, if the chalk be heated in the same atmosphere to, say, 900° C and main 
tamed thereat, probably a few mmutes will suffice Unfortunately, the exact 
times required for decomposition are quite unknown Indeed, it would be very 
desirable to determine the ntntmvm time of passage of chalk through the calcin 
mg zone of a furnace mainlamed at different temperatures, say, 800® to 
1,100® C , m order to arrive at this constant for the different temperatures 
The influence of the varying speeds of the kiln gases over the surface of the hot 
chalk would also have to be investigated at the same time * 

Having collected sudi data, one would be then m a position to design a 
kiln on scientific lines so as to work it for a maximum possible theoretical 
output 

At the present time kilns are designed on more or less rule of thumb methods 
founded on practical experience, as the engineers who design such kilns hare 
never been supplied with the diemical and physical data whereon to base their 
dimensions and speed of passage 

Calculation of the Temperature of Decomposition of Magnesium 
Carbonate m the Cement Rotary Kiln 

In the case of magnesium carbonate, Marc and Simek f determined the 
dissociation pressures of magnesium carbonate as follows — 


Temperature 

Dissociation 
Pressure 
of CO, 

Temperature 

DiucmatiCpn 
Pressure 
of CO, 

•c 

Mm 

*C 

Mm 

lOO 

0 04 

33* 0 

126 

200 

2 00 

3750 

5»4 

300 

47 00 

402 0 

760 >> I atmos 

330 

108 00 

429 0 

1315 = 173 . 

33'‘ 

118 <10 

5026 

6 992 92 „ 


The pressures are connected by the formula 

Iog/=Iog B + N log T, 

where/=pressures m atmospheres 
-47 271 
N«i6 70 

The curve js plotted in Fig 1 

Taking as before the partial pressure of the carbon dioxide m the furnace 
gases as ranging from 122 mm at point A (end of sintering zone) to 182 nun at B 
(end of calcining zone), we get the corresponding temperatures of initial decom 
position of the magnesium carbonate as 331® C at point a and 342® (7 at points 


• See C C Furtttzf Tlie Rate of Calaastton of Limestone Bock ProdiicW 
20th June 1031 Vol xxxiv p 32 - v 

7 Robert Marc and A Stmtk The Thermal Dissociation of Magnesium Caioonate 
Fritscfi 4>iorg Ckem , 1913 1749 
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At these two temperatures, then, in the kiln and at the two places the evolution 
of COo from the INIgCOq is infinitely slow. When we heat the MgCOg above these 
temperatures the evolution of gas occurs at a rapidly increasing rate. 

It has been found, however, that the rate at which the carbon dioxide is expelled 
from the magnesium carbonate is very sloiv below 600° C. 

For example, Gruitberg * * * § found that complete decomposition of the magnesium 
carbonate in a finite time occurred when heated in a stream of air and in a stream 
of carbon dioxide at 470 ± 15° C. and 650 ± 20° C. respectively. 

According to C. Schubert, \ hlgCOa begins to decompose at 350° C., but the 
proce.ss is only complete at 900° C. 


APPENDIX 

For completeness’ sake there are collected together the following references 
on this subject which have been published in the literature relating to cement : — 

t/’. B. A^czvhurj’ {Cement and Engineering A'’eevs, 1912; fully reported in the Ton.-Industric 
Zeilung, 1902, 26, ii., 1215) st.ntes th.tt the los<; of combined water and organic matter is marked 
at .340“ C. (1,544° F.). .\t 870° C. (1,598° F.) much carbon dioxide has been expelled. 

Dr Bruhn {Ton.-lnduelric Zeitung, 1903, 27, i., 235) states that the loss of carbon dioxide from 
the carbonate only proceeds very slowly at 550° to 600° C. (1,069° to t,ii-° F.), and requires a 
temperature at Soo° to 1 ,000° C. (i ,472° to i ,832° F.) in order to proceed rapidly to completion. 

E. C. Soper (“ Report on a Test on a Portland Cement Plant,” Engineering News, 1905, 
liv.. No. 23, p. 664) gives the temperature at which the evolution of carbon dioxide becomes 
active as 540' C. (1,000° F.). This must be considerably too low. 

H. S. Spaekman ( Ton, 'Industrie Zeitung, 1906, 30, i., S47) states that the temperature at which 
the main amount of carbon dioxide is expelled isSi2° C. (1,494° Fd- this process being completed 
by the time the temperature of the mass has attained 1,000° C. (1,832° F.). 

Dr Brendall {Ton.-Industric Zeitung, 190S, 32, 10S4) puts the temperature at which carbon 
dioxide begins to be rapidly evolved in the rotary kiln as 750° C. (1.382° F.), tlie process being 
practically finished at 950° C. (1,742° F.). 

J.H. Sehutt {Ton. -Industrie Zeitung, 37, 2037; 1914, 38, 1021) assumed thattlie tempera- 

ture at which carbon dioxide is c.xpcllcd in the rotary kiln lies between 75^1° f-- (*1382° F.) and 
1,100° C. (2,012° F.). 

DrOttoDormann {Ton.-Industrie Zeitung. 1914, 38, 15°. 405, 1 74 1 ) states that carbon dio.xide 
begins to escape in traces at 400° C. (732° F.). It is perceptibly rapid at 700° C. (1,292° F.),and 
at Soo° to 900° C. (1,472 to 1,652° F.) for the most part has been expelled. ^ 

The cement r.aw material, however, only loses the last trace of carbon dioxide at 1,100 C. 
(2.012° F.). 

Dr A. Move j: (1920) states that the temperature at which limestone begins to lose its carbon 
dioxide in a lime kiln depends to some extent upon the pressure of the surrounding pressure of 
the CO.. Consequently, the evolution of CO. docs not begin at, say, 50^° f-- (93° 
would in the absence of a surrounding atmosphere of CO., but first at 800°. C. (1,472° F.). At 
990° C. (1,632° F.) the dissociation pressure reaches the average pressure of the atmosphere, 
viz., 15 lbs. per sq. in., and consequently the free evolution of the gas is not hindered after this 
temperature is reached by the pressure of the surrounding carbon dioxide. 

W. J. Cooper § (1921) states that in his own experience he found calcium carbonate to 
be decomposed in part below 600° C. (1,112° F.) .and toa gre.at extent at or about 700° C. (1,292° 
F.), but that the time factor appears to be of considerable importance. 


* Grunberg, Zcitsch. Anorg, Cliem., 1913, 80, 337. 

t Dissertation, Tech. Hochsch. Dresden, 1912; also Zeits.J. Etektrochem., 1912, 18, 729. 

t A. Moye, “ Theorie des Kalkbrcnnens,” Ton.-Industrie Zeitung, 1920, 44, 524, Nr. 54. 

§ ‘‘ Consumption of Heat in Rotary Kilns,” “ British Portland Cement 'Research Associa- 
tion Quarterly Report for Three Months ending 31st December 1921,” p. 9. 
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The latter author gives the following additional references to — 

Eekel, 1,300° F ^=708° C 

Jl/eade, 900° F =482° C , which seems a low figure 

Blount, 812° C =1,494° F lie further states that dissociation begins at about 

400° C =752° r 

C E Davis, 2,000° F =-1,093° C 

iVar/in, Si2° C =1,494® r at753inm pressure 

Le ChaUher, 812° C =1,494° F. Elsewhere he states that it ranges from 890° C (1,634° F ) 
to 930° C (1,706* F ) according to ph>sical conditions. 

Tables AnnuslUs, 900° C =1,652® F 

Bornstein's Tahhelhn,%^i^ C (1,629* F ) to 911* C (l»672°F) 

Nemst's Curve, about 830° C =1,526° F 

Journal Arntriean Chemteal Sonety, p 938, August 1910 A carefully performed estimation 
gives the figure as 898° C =1,648° F 
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CHAPTER VIII 

DETERMINATION OF THE QUANTITY OF HEAT 
REQUIRED TO DECOMPOSE i LB. OF CAL- 
CIUM CARBONATE AT THE TEMPERATURES 
PREVAILING IN A CEMENT ROTARY KILN 

The heat of dissociation of calcium carbonate used up to now by the British 
Portland Cement Research Association in calculating the heat balance of the cement 
rotary kiln represents the heat of dissociation at ordinary temperatures, being 
based on the work of Julius Thomsen, Berthelot, Le Chatelier, and de Forcrand. 

The particular value taken up to the present is 774 B.Th.U.’s per lb. of calcium 
carbonate decomposed. However, the particular form of calcium carbonate 
which occurs in the raw materials used for cement is calcite, and that at ordinary 
temperatures the heat of dissociation of this substance is 42,000 gram-calories per 
100 grams of CaCOj decomposed, or 756 B.Th.U.’s per lb. calcium carbonate used. 

The heat of dissociation, however, is a quantity which varies with the 
temperature. 

As the calcium carbonate actually decomposes in the kiln itself at a temperature 
of 800° to 900° C., it is of considerable interest to examine its value at these 
temperatures, with a view of ascertaining whether it is possible to obtain a more 
accurate heat balance than has been possible up to date. 

The researches carried out on the magnitude of the dissociation pressures of 
calcium carbonate at different temperatures by Brill,* * * § Pott,t Zavriet,^ Riesenfeld,§ 
and John Johnstone || have now given us data whereby it is possible to calculate 
the heat of dissociation of calcium carbonate at high temperatures. 

John Johnstone’s determinations of the vapour pressures of the carbon dioxide 
evolved are the most accurate to date, and have recently been confirmed. 
Johnstone’s results will therefore be taken as the basis of our calculations. 

It is well known in thermodynamics that the connection between the vapour 
pressure/ (in millimetres of mercury), the absolute temperature T (in centigrade 
units), and the heat Q absorbed when a weight of i gram molecule of material 
undergoes a chemical change is given by the formula 

^.log, / -Q 

(fT “RT2 

R is the ordinary gas constant, which is equal to 1.985 gram-calories. 

N ow, from J . J ohnstone ’s results we find that the vapour pressures of the carbon 
dioxide evolved from dissociating calcium carbonate are given by the equation 

logic/ = + logioT-o.ooi2T + 8.882. 

Hence log, /= 934 °^ ^ -30^6 ^ log, T- 0.0012 

X 2.3026T 
+ 8.882 X 2.3026, 

and 1.1,1-0.002763 . . . (2) 

cT 1*[ 1 

* Brill, Zeitsck. Anorg. Chcm., 1905, 45, 275. 

t Pott, Dissertation, “ Freiburg in B.,” 1905. 

t Zavriet, Comptes Rendiis, 1907, 145,428; Jour, Chim. Phys., 1909, 7, 31. 

§ Picscnfeld, Jour. Chivi. Phys., 1909, 7, 561- 

II John Johnstone, Jour. Aincr. Chcm. Soc., l9JO» 3^> 93^* 

^ Pierre Jolibois ct Bouvier, Comptes Rendus, 1921, 172, ilS2*n83. 


CHEMICAL ENGINEERING 


8 2 

From(i) Q=_RT*x^JgA, 

or 0=42700+2 183T-0 005485T* {3) 

From this formula we are enabled to calculate the heat of dissociation of calcium 
carbonate at any temperature For example, we have pro%ed that m the 
calcining zone of a rotary kiln the initial temperature of decomposition of the 
calcium carbonate is 805° C =805+273 = 1,078® C absolute, 
whence T = 1078, substituting in (3) 

Qsas c =42700 + 2 183x1078-0 005485(1078)* 

= 38,680 gram calories per 100 grams of calcium carbonate 
decomposed 

= 69638 Thu s per lb CaCOj decomposed 
Farther up the calcining zone nearer the sintering zone, we proved that the initial 
temperature of decomposition is 784* C =1,057® absolute 
Hence Q,,! ^ =42700 + 2 183x1057+0005485(1057)® 

“381879 gram calories per 100 grams CaCOj decomposed 
699 8 B Th U 's per lb of CaCOj 
Similarly, Qasoc =688 B Th U ’s decomposed 



ric I — Curve Showing Variation with Tempemture «n the Molecular 
Heat of Dissociation of Calcium Carbonate E\pressed m Gram 
Calories per 100 Grams of Calcium Carbonate 
Proceeding in this manner, we have calculated m Table I (columns C and E) 
the heat of dissociation betwerai -73** C and +3,000® C , and the results are 
plotted in the two curves — Fig i which gives the molecular heat of 
dissociation, le the heat required to decompose loc grams of calcium 
carbonate, and Fig 2, which gives the same result m B Th U ’s per lb of 
CaCOs and in Fahrenheit degrees , 

The results shown in columns C and E are calculated from J Johnstone s results 
{see Jour Amer Chem , 1910 32. p 943) from the dissociation pressures of 

the evolved carbon dioxide, who in his turn assumed that the heat of dissociation 
of calcium carbonate at 27“ C per gram molecule (too grams) is 
Qt7=42,90o gram-calories 

This was the mean value of Thomsen and de Forcrand’s results forpreapitated 
chalk (42,500 and 43,300 gram calories respectively), which Johnstone took 
as the best value of this thermal constant (see “ Monthly Report ” for September 


Tablh I. — Heat of Dissociation of Calcium Cardonate (CaCO^ at Different Temperatures 
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However, we know that m the raw matenals eniplo>ed in the manufacture of 
Portland cement the calcium carbonate js mainly m the form oicalate, and hence a 
better value to adopt, for the heat of formation of calcium carbonate is the value for 
calctie, Mz , Q„=42,oqq gram calories jjer loo grams CaCOj, this being the value 
arrived at by de Forcrand (Comp/es Stttdus, 1908, 146, p 512) for this material 

For the cement industry, therefore, we should correct the values shown m 

columns C and E by multiplying by the factors or (=0 070) 

42900 772 2 ’ 

We thus arrive at the results shovm m columns D and F 

Extrapolation of Results 

The formula 

Q= 427 oo +2 t83T+oooS48sT* (3) 

has been derived from experimental data obtained at temperatures ranging from 
18° to 894° C , and consequently can only be considered as correct between 
these two temperature limits 



fjc 3 —Curve ShovMHg Variation wilh Tetnperatuie m the Heat Required to Decompose 
Calcium Carbonate Eapreased m B Tb U a per 1 lb of Calcium Carbonate 

Nevertheless, the results obtained by extrapolation outside those limits are 
interesting, tn order to see how the heat of decomposition of calcium carbonate 
alters with the temperature 

From the curves (and using Johnstone’s value of Q*7=42,9oo gram calories) 
it will be seen that at ordinary temperatures (27'’ C ) heat of decomposition 
is -772 6 B Th U ’s (i r , heat is absorbed in decomposing the CaCO, into CaO 
and COj), but that this quantity stndijy becomes less as the temperature increases, 
until at about 2,726“ C the value is ztro At temperatures above Xhal, the heat of 
formation becomes + pe, 1 e , the compound evolves heat on decomposition— which 
at3,ooo®C IS +159 If capable of existing under an enormous pressure at 3,000® 
C CaCOs would therefore evolve heat on decomposing and would therefore be 
m the same state as explosivres like nitroglycerine are in at ordinary temperatures 

If we could practically heat the calcium carbonate in a confined space to 
about 2,726® C , vve could separate from it at this temperature all the carbon 
dioxide without absorbing any heit 

Practically it w ould be impcBsible to do this because of the enormous pressure 
which would be required to keep the CaCO, from splitting up to CvO and COj 
before the critical temperature of 2,726® C was reach^ 
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CHAPTER IX 

CALCULATION OF THE QUANTITY OF HEAT 
ABSORBED IN MAKING i LB. OF PORTLAND 
CEMENT CLINKER 

Calculation of the Quantity of Pure Dry Raw Material 
Required to Make loo Lbs. of Portland Cement Clinker 

Assume for Portland cement clinker the following composition : — 


Calcium oxide, CaO . - - . .64.00 

Alumina, ALOs . . . . . .7.00 

Ferric oxide, FcoO 3 . . . . .3.00 

Silica, SiOo . . . . . .22.00 

Other non-essential ingredients . . .4.00 


100.00 

Omitting the unessential ingredients, the clinker would reduce to the following 
composition : — 

CaO= 66.27 lbs. 

Al203= 7-29 » 

Fea03= 3-12 >• 

Si02= 22.92 „ 


100.00 lbs. 


We will take this shnplified cliitker as the basis for our calculations in the 
following pages. 

The dried slurr}’’ required to produce 100 lbs. of this clinker will have the 
following composition : — 


Calcium carbonate, CaCOj 
Kaolin, Al2Si2072H20 . 
H>*..edsnic.{93 per cent. |iO,J 
Ferric oxide, FcjOs 


Total 


;i9.o5 lbs. 

[66.67 

lbs. 

CaO 

\ 52-38 


COo 


r 7.29 


ALO 

18.46 ,, 

- 8.60 

}> 

SiO.. 

1 2.57 

JJ 

H„ 0 " 


f r.oS 


H „0 

15-40 M 

114-32 

JJ 

SiO, 


3-12 „ 


156.03 lbs. containing 


66.67 

lbs. 

CaO 

52-38 

JJ 

CO, 

7.29 

:> 

ALO 

22.92 

73 

SiO, 

3-65 

77 

H„ 0 " 

3-12 

37 

FesO. 


The dried slurry on ignition will lose 35.9 per cent. 
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Calculation of the Minimum Quantity of Heat which Must be Liberated 
below 805” C (i,48i‘ F ) in Order to Make 100 Lbs of Clinker 
In order to make loo lbs of clinker we must start with 


(a) CaCOa . 

(3) Kaolin 

(<r) Hydrated silica 

{</) Ferric oxide 


119 05 lbs 
r8 46 ,, 
1540 „ 


Assume that the initial temperature is 6o® F (15 6® C ) 

(a) Calcium CanJona/e —The mean specific heat of CaCO, between 16® and 
805° C IS 0 267 * 

Hence the quantity of heat in British Thermal Units required to raise 
irp 05 lbs of CaCOa from 60® F. (75 6° C ) to 7^81“ F (805“ C ) is 


119 05x0 267x1421=45,168^ Tk U's 


(3) A'ao/in— The mean specific heat of ftaa/fw between 20° C (68® F ) and 98® C 
(208 4® F.) IS given by Ulrich as o 224 t It wiU certainly be greater than this at 
higher temperatures because specific heats increase with the temperature, also 
the kaolin decomposes between 400* and 800® C According to Mellor and 
Holdcroft,t the quantity of heat required to dehydrate i lb of kaolin is 75 5 
B fh U ’s After dehydrating, kaolin is suppos^ to be decomposed between 
450* C (842® F ) and 900* C (1,652® F ) mtoa mixture of alumina, AljOg, and 
silica, SiO| 

One lb of kaolin, AljSijOjeHjO, contains o 1191 lb H.0, 03949 lb 
AlgOg, 046601b S1O2 

Hence we may proceed as follows — 

(1) Calculate the amount of heat required to dehydrate i lb of kaolm at 60® F 

Assume this to be 75 5 B Th U ’s per i lb of kaolin 

(2) After dehydrating the i lb of kaolm »e ha\e left 0 3949 lb of AljOa, 

046601b ofSiOj, and 013911b of water 
We must then calculate the quantity of heat required to raise these materials 
from 60* F (15 6® C ) to 1481® F (8os®C)§ The total will be the quantity of 
heat required to raise i lb of clay to 805* C (1,481* F ) 

To make this calculation we require the mean specific heat of SiO* and AljOj 
between ordinary temperatures and 805® C (i 481® F ) According to Richards, |1 
the mean specific heat S of AljOg between o® and /® C is given by the 
formula 

* S,*=o 2081 +0 0000876/ 


Substituting /=8os®, we obtain for the mean specific heat of AljOg between 
0° and 805® C 

=2 2087+00000876x803 
= 0 2081+0 0705 
= 0 2786 

Hence the quantity of heat required to raise o 3949 AljOg from 60® F 
(15 6® C ) to 1,481® F (805® C ) IS o 3949x0 2786 X 1421 


=0 11001914x1421 
= 156 337 B Th U ’s 


* By interpolation from Afagnus s * Dttemunations of the Spcci/ic float of CaJcjuro Car* 
bonate ’ See ^ Afagnus Ann d Phys igio 31(4) 597 Phyt Zei/s 1913 14 S 

+ Ulnch,lVollny Pcirsch a d Geb d Agruultur^ys 1894 17 l 

* Alellor and Holicro/t Collected Papers from the County Pottery Laboratory, Stafford 
shire,” vol 1 p 277 (Griffin London, 1914) 

§ Clay takes about thirty minutes to deb|drat<* at Soo® C Only a small amount of water 
vapour escapes in thirty minutes at 500® C , so that the assumption that the whole of the water 
vapour IS raised to 805“ C before it esca^ will not cause a serious error 

11/ If Richards “ Metallurgical Calculations ” 1917, /art », p 123 
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Also according to Richards {loc. cit.), the mean specific heat S„, of SiOj between 
0° and C. is given by the formula 

S„, = 0.1833 +0.000077/. 

Substituting /=8o5° C., 

S„, = 0.1833 + 0.0620 
= o-24S3- 

Hence the quantity of heat required to raise 0.4660 lb. of SiOo from 60° F. 
(iS-5° C.) to 1,481° F. (805° C.) is 0.4660x0.2453x1421 = 162.434 B.Th.U.’s. 

As regards the combined water (0.1391 lb.) in the kaolin, we assume that this 
is (1) separated in liquid form from the kaolin at 60° F. (15.6° C.); (2) heated 
to 212° F.; (3) turned into vapour at 212° F. ; and (4) the temperature of the 
vapour increased from 212° F. (100° C.) to 1,481° F. (805° C.). 

(1) To separate 0.1391 lb. of water from the kaolin at 60° F. (15.6° C.) is 

assumed to absorb 75.5 B.Th.U.’s. 

(2) To raise 0.1391 lb. of water from 60° to 212° F. requires 

0.1391 X 152 = 21.1 B.Th.U.’s. 

(3) To gasify 0.1391 lb. of water at 212° F. under atmospheric pressure requires 

0.1391 X 970.7 = 135.0 B.Th.U.’s. 

(4) From the B.P.C.R. Association tables the amount of heat in B.Th.U.’s 

required to raise i lb. of water vapour from 212° F. (100° C.) to 1,481° F. 

(805° C.) is 

696.2 -84.2 = 612.0 B.Th.U.’s. 

Hence the quantity of heat to raise 0.1391 lb. through the same range of 
temperature is 

0.1391 X 612 = 85.1 B.Th.U.’s. 

Hence the total quantity of heat required to dehydrate 1 lb. of kaolin and 
raise it from 60° F. (15.6° C.) to 1,481° F. (805° C.) is 

156.3 + 162.4 + 75.5 + 21.1+85.1 + 135.0 = 635.4 B.Th.U.’s. 

But to make 100 lbs. of clinker it is necessary to heat 18.46 lbs. of kaolin 
from 60° F. (15.5° C.) to 1,481° F. (805° C.) in order to bring it to the temperature 
at which the CaCOs decomposes. 

Hence the total quantity of heat required for this operation is 

18.46 x635.4 = ii, 729 B.Th.U.’s. 

(c) Hydrated Silica . — There are 15.40 lbs. of hydrated silica (consisting of 
14-32 lbs. of SiOj united to 1.08 lbs. of water), which is to be heated from 60° F. 
(iS-6° C.) to 1,481° F. (805° C.). 

Here again we will proceed liy assuming : — 

(1) That the silica is dehydrated at 60° F. (15.6 C.). 

(2) That the resulting water is then heated from 60° F. (15-6° C-) to 212 F. 

(100° C.). 

(3) The water is turned into vapour at 212° F. (100° C.). ^ 

(4) The vapour is then heated from 212° F. (100° C.) to 752° F. (400° C.). 

(5) The silica is heated from 60° F. (15-6° C.) to 1,481° F. (805 C.), the 

latter being the temperature at which the silica is completely 

dehydrated. 

(i) The literature and known data relating to the dehydration of silica acids 
is given in the “Progress Report of the British Portland Cement Research 
Association for the Three Months ending 31st March 1923,’’ p. 57- 

The quantity of heat required to dehydrate 1 lb. of the hydrated silica is 
unknown. Seeing, however, that the dehydration is complete at 400 C. against 
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800® C for we wjlJ assume, in order to obtain a working figure, that the 

quantity of heat required for this purpose is only one third of that required to 
dehydrate an equal weight of clay 

ToiieAjdratejlh of kaolin requires 75 5 B TTi U 's Hence, to dehydrate i li 
of our hydrated silica will require 25 ^ -B TA U 's 

(2) The amount of heat required to heat the separated water in i lb of the 
hydrated silica {o 07 lb ) from 60® to 212® F is 

o 07 X 152 = 10 6 B Th U 's 

{3) Amount of heat required to change o 07 lb of w’ater mto steam at 212® F 
and atmospheric pressure is 

007x970 7=579 5 BThU ’s 

(4) Theamountofheatrequiredtorai«e I oolb of steam from 212® F {ioo°C) 
to 752® F {400® C ) is from the B P C R Association tables — 

336 3-84 3 = 252 B Th U 's 
Hence the amount required for o 07 lb is 

252x0 07 = 17 64 B i/ ’r 

(5) The amount of heat required to raise o 93 lb of silica, SiOj, from 60® F 
(is 6“ C ) to 1,481° F (80s® C ) IS 

o 93x0 5453x1421 =324 2 B Th U 's 

Hence the total amount of heat required to dehydrate 1 lb of hydrated silica 
and raise its temperature from 60® F (15 6® C ) to 1,481® F (805* C ) is 
-5 2 + 10 6 + 79 5 + 17 6 + 324 2 
“457 \ B ThU 't 

But to make 100 lbs of clinker we must treat in this manner 1540 lbs ofhydrated 
silica 

Hence the total amount of heat required for this operation is 
1540x457 1“ 7,039 B Th U ’s 

(d) Ftrne Oxtde, /VjOj —In making 100 lbs of clinker, 3 12 lbs of feme 
oxide, FcjOj, are to be heated from 60® F (15 6® C ) to 1481* F (80s* C ) 
According to J W Richards (“ Metallurgical Calculations,*'^i9i7, part 1 , 
p 125), the mean spenfie heat of feme oxide, FejOj, between 0° and r C is 
gn en by the formula 

S«=o 1456+0000188/ 

Substituting /=8 o 5® C , we get for the mean specific heat between o® and 
805® C 

S«=o 1456+0000188x805 

Hence the quantity of heat required to raise 3 12 lbs of feme oxide from 
60® to 1,481® F IS 

3 12 xo '*969 X 1421 
*=092633x1421 
= 1,3x6 B U’s 

Summary —The quantity of heat whidi must be expended below 805° C 
(1481® F ) in order to make 100 / 6 s of tltnker is the sum of (fl), {h), (r), and 
(rf) - 

= (‘J) i 6 ) i<) W) 

=45168 + ii7-»9 + 7039 + 13x6 
-65,252 B Th U ’s, 

or I lb of clinker reduires to be expended below 805® C (1481° F) 

652 s B TkU's 
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Calculation of the Minimum Quantity of Heat which Must be Liberated 
above 805° C. (1,481° F.) in Order to Make 100 Lbs. of Clinker 

We assume, as above, that 100 lbs. of clinker are produced from a dry slurry 
containing : — 

119.05 lbs. pure calcium carbonate, CaCOg. 

18.46 ,, kaolin, Al2Si2072H„0. 

15.40 ,, hydrated silica (93 per cent. SiO,; 7 per cent. HjO). 

3.12 ,, ferric o.xide. 


Total, 156.03 lbs. 

The calcium carbonate begins to decompose in the furnace with evolution of 
COo at 805° C. (1,481° F.) at this temperature, and before the calcium carbonate 
begins to decompose, we may assume that all the kaolin and silica have lost. 
Their combined water and the kaolin have been resolved into a mass of alumina 
and silica, so that the mass will consist of 

Calcium carbonate, CaCOs . . 119.05 lbs. 

l.52-3° ,, '^'-'2 

Dehydrated kaolin . . . 15.89 „ { ^ ^ 

Dehydrated silica, .... 14.32 ,, SiOo/^"'^" 

Ferric oxide, ¥eN)z • • • ■ ■ 3.12 ,, 


Total weight . 152.38 lbs. 

The 119.05 lbs. of CaCOa when decomposed yield 52.38 lbs. of CO3 and 66.67 lbs. 
of CaO. 

So that as soon as the expulsion of the carbon dioxide is completed, the solid 
mass will consist of 

Lime, CaO .... 66.67 lbs. 

Alumina, AI0O3 . . . 7-29 >> 

Silica, Si02 .... 22.92 ,, 

Ferric oxide, Fe203 . . • 3-i2 ,, 


100.00 lbs. 

This mass will unite to form clinker with the evolution of some heat. 

The necessary calculation may be carried out as follows : — 

(a) Calculate the amount of heat absorbed in decomposing 119.05 lbs. of 
CaCOg at 805° C. (1481° F.). 

It has been shown that the decomposition of 1 lb . of CaCOg at this temperature 
absorbs 682 B.Th.U.’s. 

Hence, to decompose 119.05 lbs. of CaCOg requires 
119.05x682=81,192 B.Th.U.’s. 

(^) Calculate the amount of heat evolved in the exothermic reaction wlwn 
66.67 lbs. of CaO, 7.29 lbs. of ALOg, 22.92 lbs. SiOj^, and 3.i2^1bs. of FegOg 
unite to form 100 lbs. of Portland cement clinker at 805° C. (1,481° F.). 

The recent extremely accurate results of R. Nacken in 1922 (see Pamphto No. 3 
of the B.P.C.R.A., “ The Exothermic Reaction of Portland Cement Clinker 
Formation,” Table 14, p. 14) lead to the result that, to every i lb. of clinker 
produced from the slurry, 179.93 B.Th.U.’s are evolved. n tt > 

So that when 100 lbs. of clinker are formed, there are ew/wa 17,993 B.ln.U. s. 
{c) Calculate the amount of heat absorbed in raising the resultant 100 lbs. o 
clinker from 805° C. (1-481° F.) to the highest clinkering temperature oi, say, 
1,370° C. (2,498° F.). 



96 


CHEMICAL ENGINEERING 


Very careful determinations of the specific heat of clinker at high temperatures 
have recently been made h'j S H Hamson m conjunction with Dr W. D ^Vhlte 
of the Carnegie Institution of Washington Geophysical Laboratory (‘‘Report on 
the Speafic Heat of Portland Cement Clinker,” published by the Committee 
on Conservation Portland Cement Assocmtion, igrj) 

The specific heat of any unchanged lime (CaO) m the mass is taken as nearly 
equal to that of the clinker Harrison (loc at ) gives the following formula for 
calculating the amount of heat expressed in centigrade units required to raise 
I lb of the clinker from o® to C — 


Q = o I754^ + J39*44>f io“*^* + 4685 

Substituting m succession t- 1,370'’ C and /«=8os‘’ C m this formula and sub- 
tracting, we obtain the amount of heat (in centigrade units) required to raise i lb 
of clinker from 805° C. (1,481® F ) to 1,370® C (2,498® F ) as follows — 


Q = 0 1754(1370-805) + 139M4 io-»(ij7o*-Sos*) - 125 x io-»Ci37o*-8o5») 
+ 4685x10 “(i37o*-8c»s<) 

■= 159 25 centigrade heat units (i lb water through i® C ) 

= 159 25 X 1 8 B Th U ’s 
= 286 65 B, Th U 'i (1 lb water through i® F ) 

The mean specific heat of the clinker between 805® and 1,370® C (1,481“ to 
a, 606® F ) IS 


286 6s c, 

— :r-=“0 2819 

56s 

Hence the total amount of heat required to raise 100 lbs. clinker from S05® C 
(1,481® F ) to 1,370® C (2,498^ F ) IS 


28,66s B.TkU's. 

Summary —We are now m a position to calculate the minimum quantity of 
heat required to be absorbed aioot 805® C (1,481® F ) in order to produce roo jbs 
of clinker 

This quantity of heat Q is 

Heat decomposing 119 05 lbs ofCaCOj® -81,192 B Th U 's 

+ Heat in the excrlhcrmic reaction ■ +17,993 >, 

+ Heat absorbed m raising 100 lbs of clinker from 

805® C (1,481* F ) to 1,370* C (2,498® F ) =■ -28,665 „ 


Total -91,864 BThU.'s 


Hence, m order to produce 100 ibs of clinker, we must expend abovt 805 
C 91,864 B Th U ’s, or I of ebnker requires 918 6 £ Tk U 's expended on it 
above 805® C (1,481® F ), but only 652 5 B Th U 's below 805® C (1481“ F ) * 

• It should be carefully noted that it is a fellacy to state that the total mxmmum quantity 
ofheatrequired fomake 1 11 of cJ,nkCTJs9i8 6+652 5=!i57i iBThU s becausethi'istotement 
takes no account of the quantity of heat recoverable from the hot clinker and evohed gases 
Allowance is made for these quantities later 

All that the above statements mean is that in making l lb clinker the raw material mixture 
must be subjected to a steadily increasing temperature, starting at 60° F and finismng at about 
2,49s® F , and that the raw mixture must absorb 652 5 B Th U s betew 1,481 F and 918 u 
B Th U 's above I 481° F before l lb clinker can be formed 
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CHAPTER X 

CALCULATION OF THE QUANTITY OF GASES 
OF COMBUSTION AND AIR QUANTITIES RE- 
QUIRED TO MAKE I LB. OF'^CLINKER 

There is a very considerable uniformity of composition of the gaseous products of 
combustion evolved in the making of Portland cement clinker. 

For this purpose we will compare the products of combustion evolved by burn- 
ing equivalent quantities of two coals — one of 12,710 B.Th.U.’s per lb. and the 
other of 11,851 B.Th.U.’s per lb. 

Products of Combustion from a Coal of 12,710 B.T/t.U.’s per 1 Lb. Compared 
to Products of Combustion from Standard Coal 
The coal in the Works Test, No. 26, had the following composition 



Dried. 

As Fired. 

c 

72 .202 

71-985 

H 

4.99 

4-975 

S 

1. 18 

1. 177 

Ash 

17.227 

17-175 

Moisture. .... 

0.000 

0.300 

S 

1.180 

1.177 

N 

1.428 

1.424 

0 (diff.) 

2-973 

2.964 


100.000 

100.000 

of dry coat yields when fired 



CO, .... 

2.647 lbs. 

N ‘ 

■ 7 -736 


.... 

• 0-452 

lb. 


10.835 ll).s. 

Add 5 per cent. c.xcc.ss air . 

- 0.542 

lb. 


11-377 

lbs. 


One lb. of standard coal of 12,600 B.Th.U.’s per lb. is equivalent to 

—^^ = 0.0011 lb. of this coal. 0.9913 lb. of this coal, therefore, yields 
12710 ^ 

12,600 B.Th.U.’s, and will yield 

CO, . . 0.9913x2.647= 2.624 lbs. 

N . . 0.9913x7.736= 7.669 ,, 

H „0 . . 0.9913x0.452= 0.44S lb. 

Excess air . 0.9913x0.542= 0.537 ,, 

11.27S lbs. of gas. 
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The percentage composition of this mixture 

COs 


Excess air 


by weight is 
23 267 lbs 
67 996 „ 

3 973 ,, 

4 764 „ 


Products of Combustion from a Coal of 11,851 B ThU's per i Lb Compared 
to Products from Standard Coal 
This coal had the following composition when dried — 


c 

6s 98 

6S 74 

6s 86 

H 

4 55 

4 55 

4 55 

S 

t 32 

I 42 

I 37 

Ash 

19 76 

19 76 

19 76 

0 

7 00 

7 »3 

7 06 

N 

« 39 

I 40 

T 40 

100 00 

100 00 

100 00 

dry coal yields when burnt 





CO, 

N. 

H,0 


Add 5 per cent excess air 


2 41 lbs 

6B4 , 

o 41 lb 

9 660 lbs 
0 4S3 lb 

10 143 lbs 


One lb of standard coal of ij,6oo B Th U 's per lb is equivalent to 
063 lbs of this coal i 063 lbs of this coal, therefore, yield 12,600 
B Th U 's, and will yield 

CO, 2 41 X I 063** 2 56183 Iba 

N, 6 84X1 063® 727092 , 

H,0 041 XI 063= o 43583 Ib 

Excess air o 483x1 063 ■= 051343 „ 


10 78201 lbs of gas 

corresponding to 12,600 B Th U s liberated 

The percentage composition of the mixture is by weight 

CO, 23 760 lbs 

N, 67 436 „ 

H,0 4 042 „ 

Excess air 4 762 , 


100 000 lbs 

Calculation of the Quantity of Air Required to Produce Weights of 
Combustion Gas Equivalent in Heating Power 
From the preceding calculations it is seen that the liberation of (a) ii 278 lbs 
of gas produced from the combustion of a coal of 12,710 B Th U s per lb , and 
(f) 10 782 lbs of gas produced from the combustion of a coal of 11,851 B Th U 's 
per lb each conespond to the liberation m the furnace of 12,600 B Th U ’s 
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from the coal — i.e., are equivalent to the combustion of i lb. of standard coal 
in the furnace. We wish now to calculate how much air has to be supplied (a) to 
make the 11.278 lbs. of gas, and (J>) to make the 10.782 lbs. of gas in the two 
cases above mentioned. For obviously, if the cold air is drawn into the furnace 
from the atmosphere, the heat must be supplied for preheating this cold air, and if 
the quantities of air so supplied are different, obviously different quantities of 
heat must be supplied for this purpose. The matter is, therefore, of considerable 
practical importance. 

In case (c) 0.9913 Ib. of coal has to be burnt to liberate 12,600 B.Th.U.’s. 

In case \b) 1.063 lbs. of coal have to be burnt to liberate 12,600 B.Th.U.’s. 


Coal (a). — Calorific value, 12.710 B.Th 


U Is per I lb. composiiion. 


C . 

s . 

H . 
Ash . 

N . 

O (diff.) 


'^ 2.202 

1.180 = 0.4425 C 
4.990 
17.227 
1.428 

2.973 


lOO.OCO 

In order to calculate the amount of air required for combustion, we assume 
as correct the available percentage of hydrogen as H - ^ . 

O 

H =4.990 - _ 0.372 . 

O.ooo 

. H=4.6i 8 per cent. 

Hence i lb. of H requires 34.782 lbs. of air to burn to HjO. 

0.04618 of H requires 0.4618x34.782 = 1.6062 lbs. air. 

The percentage of carbon and its equivalent of sulphur (0 = 72.202; 
8 = 1.180=0.4425 C.) in the coal amounts to 72.6445 per cent. 

One lb. of carbon requires 11.594 lbs. of air to burn to COj. 

0.72645 lb. of carbon requires 11.594x0.72645=8.4225 lbs. /air. 

Hence the total amount of air required to bum i lb. of fine coal is 

= 8.4225 lbs. 

1.6062 ,, 


10.0287 lbs. 

Weight of air needed to burn 0.9913 lb. is 10.0287 >^o-99i3 

= 9.9414s lbs. 

Add excess air = o-S37 lb. 


10.478 lbs. 

Total air required to burn 0.9913 lb. of coal .and liberate 12,600 B.Th.U. 
is 10.478 lbs. air. 

Coal (b). — Calorific value , 11,851 B.Th.U.’s I lb. 

This coal, when dried, had the mean composition : — 


C 

H 

S 

Ash 

O 

N 


. 65.86 
• 4-55 

1-37 
. 19.76 

7.06 
. 1.40 


’s 


100.00 
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Available H for combustion is 

4 S5-^^-4 55 - 0 88=j 6? per cent 
Avail able C for comhustion +eqi«valent of S is 
65 86+137X1^ 

3* 

“65 86 + 0 jr 
=66 37 per cent C 
Hence i lb of this coal contains 

0 0367 lb of H available for combustion 
o 6637 lb of C available for combustion 
Since I lb of H requires 34 782 lbs of atr for combustion 

o 0367 Ib of H requires of air o 0367 x 34 782 = i 2765 lbs of air 
Since I lb of C requires 11 594 lbs of ait to burn to COj 

o 6637 lb of C requires 1 1 594 x o 6637 = 7 6949 lbs of ait 
Hence per i lb coal the total air required for combustion is 
I *765 + 7 6949 = 8 9714 lbs 

Hence the o/air required to burn i 063 lbs of this coal so as to liberate 

13 600 B Th U s m the kiln is 

1063x89714 9 536 /5r of atr 

Add to this 0 51343 lb of excess air and we get the total amount of cold air 
required to liberate 12 600 B Th U s — 

953660+051343 \oo%lbsofatT 


Summary —For the purpose of the succeeding calculations we will take it 
that the combustion of i 16 of standard eoal oi tt 600 B Th U s per lb will 
yield 11 278 lbs of combustion gas composed as follows — 

Gas 

COj 2 624 lbs 

N, 7 669 

HjO 04481b 

Excess air o 537 


IS zj8 lbs 


The percentage composition of this mixture by w eight is 


CO2 

N, 


Excess air 


sj 267 lbs 
67 996 

3 973 

4 764 


100 000 lbs 

The weight of air neccssarj for the combustion of i lb of the coal so as to gne 
a combustion gas of the preceding composition is 10 47S lbs of air 



II. I 


CHAPTER XI 

THE SPECIFIC HEATS OF THE GASES OF 
COMBUSTION AT HIGH TEMPERATURES 


The main heating agent in the upper part of the kiln is the hot furnace gases 
evolved by the combustion of the coal dust; these gases, as previously calculated 
in Chapter VI., have the approximate composition by weight : — 

000 = 23.267; N2 = 67.996; 11,0=3.973; excess air =4. 764. 

It is of vital importance for the theory of the rotary kiln to ascertain the specific 
heat of this mixture at various temperatures so as to be able to ascertain how much 
heat can be obtained from a given weight of this gas when it sinks through different 
temperature intervals as it passes down the kiln. 

The author has worked out tables of the values of the instantaiieous and mean 
specific heats at high and low temperatures of the individual gases which occur 
in the cement rotary kiln, these values being calculated from recent modern 
researches, and, consequently, they exceed in accuracy any data previously 
available in the cement industry. 

Table I. (p. 11.2) shows these values. 

The weight of combustion gas produced by the burning of i lb. of standard 
coal was proved in Chapter II. to be 11.278 lbs., composed of 2.624 lbs. of COq; 
7.669 lbs. of N2; 0.448 lb. of HjO ; and 0.537 lb. of excess air. 

The instantaneous or true specific heat S of this gaseous mixture may be 
calculated at the various temperatures from the formula 

g _ 2. 624x81 + 7. 669x32 + 0.448x33 + 0.537x84 , . 

' 11.278 ' • w 

where S^, S2, S3, S4, are the respective instantaneous specific heats of the COj, N2, 
HoO, or air at the temperature at which it is desired to ascertain the instantaneous 
specific heat of the mixture. 

For example, the instantaneous specific heat of the combustion gas at 4,000° F. 
is obtained by substituting in the above formula the values of the instantaneous 
specific heats of the various component gases at 4,000° F., as shown in Table I. 

(p. II. 2). 

We thus get 

Instantaneous specific heat of combustion gas at 4,000° F. 

2.624 + 7.669 X 0.32 +0.448 X 0.98 + 0.537 X0.31 

~ 11.276 


= o-3457- 

Proceeding in this way, the values of the instantaneous specific heat of the 
combustion gas, shown in column i of Table II. (p. 11.3), were obtained partly 
by calculation and partly by interpolation from a large-scale curve drawn through 
various calculated points. 

A temperature of pivotal importance in the theoi y of the rotary kiln is 1,481° F. 
(805° C.), because this is the temperature at whicli the calcium carbonate begins 
to decompose under the prevailing composition of the gaseous atmosphere inside 
the kiln arising from the combustion of the coal. 


5 
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As will be seen in the next chapter, it is of great importance in the theory of 
the rotar}' kiln to know the mean specific heat of the combustion gases between 
1,481° F. (805° C.) and various temperatures both above and below 1,481° F. 
This is calculated as follows : — 

From the formula given above, the instantaneous specific heat of the combustion 
gas at 1,481° F. is calculated to be 0.2799. The instantaneous specific heat of the 
combustion gases at any given temperature T° is likewise calculated to be, say, 
St. Then a straight line law is assumed to connect these two values (which is 
nearly true), and the formula for the mean specific heat S between 1,481° and 
T° F. is 


^ 0.2799 + St 


(2l 


Proceeding in this way, column 3 of Table 11 . was calculated, which gives the 
mean specific heats up to S,ooo° F., on tlie assumption, of course, that the furnace 
gases remain undecomposed at these temperatures. 


Table II 

Specific Heats of Combustion Gas of a Cement Rotary Kiln at Various 

Temperatures ° 

Composition of combustion gar ( €02 = 23.267 per cent.; N2 = 67.996 per cent. 
by weight 1 1^20=3.973 per cent. ; e.xcess air =4,764. 


One lb. of standard coal of 12,600 B.Th.U.’s per lb. evolves 11.278 lbs. of this 
gas consisting of €00 = 2.624 lbs.; N2=7.669 lbs.; 1100 = 0.448 lb.; excess 
air=o.537 lb. 


Temperature ° T. 

Instantaneous Specific 
Heat, 

Mean Specific Heat 
between 1,481° F. 
(805° C.) and T°. 

°F. 

°C. 



50CO 

2760 

0-3774 

0.3286 

4900 

2704 

0.3742 

0.3270 

4800 

2649 

0.3708 

0.3253 

4700 

2593 

0.3676 

0-3237 

4600 

2538 

0.3642 

0.3220 

4500 

2482 

0.3610 

0.3204 

4400 

2427 

0.3580 

0.3189 

4300 

2371 

0.3548 

0.3173 

4200 

2316 

0.3518 

0.3158 

4100 

2260 

0.3486 

0.3142 

4000 

2204 

0.3457 

0.3128 

3900 

2149 

0.3426 

O.3II2 

3800 

2093 

0.3398 

0.3098 

3735 

2057 

0.3379 

0.3089 

3700 

2038 

0.3369 

0.3084 

3600 

1982 

0.3340 

0.3069 

3500 

1926.5 

0.3310 

0.3054 

3400 

1872 

0.3283 

0.3041 

3300 

1816 

0.3256 

0.3027 

3200 

1760 

0.3228 

0.3013 

3100 

1704 

0.3201 

0.3000 

30C0 

1649 

0.3174 

0.2986 

2900 

1594 

0.3149 

0.2974 

2800 

1538 

0.3123 

0.2961 

2700 

1482 

0.309S 

0.2948 
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- I Mean Specific Heat 

Instantaneous Specific between 1481*? 
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CHAPTER XII 


CALCULATION OF THE THEORETICAL FLAME 
TEMPERATURES OF THE ROTARY KILN 


Producible by the Combustion of Standard Coal with the Air 
Preheated to Various Amounts 


To start with, wc assume that i lb. of standard coal in burning liberates 12,600 
B.Th.U.’s and forms the following gaseous mixture 


CO„ . 
N„ ■ 

H'oO . 
Excess air 


2.624 lbs 
7.669 „ 
0.448 lb. 
0-S37 „ 


11.278 lbs. 

The total air (including 5 per cent, excess air) required for the combustion 
is put as 10.478 lbs. 

We will start by assuming that the air for combustion is at 60° F. Subsequent 
calculations will allow for the effect of preheating the air to various amounts. 
The method adopted is as follows : — 

We first calculate approximately the maximum temperature attained by the 
gas. We know that this is about 4,000° F. (2,204° C.). Then the mean specific 
heats of the component gases of the combustion gas are taken between 60° and 
4,000° F. from the specific heat tables worked out by the writer from the most 
recent available data as follows : — 


Mean specific heat of CO2 between 60° and 4,000° F. . . 0.2771 

,, of N'g ,, ,, ,, . . 0.2769 

,, of HjO (vapour) between 60° and 4,000° F. . 0.6261 

,, of air between 60° and 4,000° F. . . . 0.2683 


The water is supposed to be gasified at 60° F. (15.6° C.), and then, while in a 
state of vapour, it is heated to its maximum temperature T° F. By interpolation 
from A. W. Smith’s results (Glazebrook’s “ Dictionarj’ of Applied Physics,” 
1922, vol. i., p. 554) the latent heat of evaporation of i gram of water at 60° F. 
(iS'55° C.) is 587.7 gram-calories, or i lb. of water at 60° F. requires 587.7 x 1.8 
= 1057.9 B.Th.U.’s to turn it into vapour. 

We next calculate the approximate flame temperature T° F. attainable by the 
furnace gases as follows : — 


Heat liberated by i lb. coal = 


( Heat absorbed in raising the products ) 

( of combustion to T° F. j’ 


or CO^ 

12600 = 2.624 xo.277i(T — 60) + 7.669 X o.2769(T - 60) 
H^O 

+ 0.448 X 1057.9+0.448 X 0.6261 (T '-60) 

Air 

+ 0.537 xo.2683(T- 60), 

T° = 3,763° F. 


whence 
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Tile appratimauoo made W K Uie aasumpuon that the .peciBc heats of the 
Sasea folloir a straight Ime late betnea &>* ttmi 4 ooo" F , trhich is rearlv bat 
not quite, true 

Al-o the mean specific heat of the furnace gases, betvrecn fo* and a ooa” F 
IS assumed as the same as that between 6o® and 3 76'® F 

The etroia thus intioductd are slight, hu, petjcpttble to-rectious tnll be 
introduced below 

Effect of Preheated Air on the Flame Temperatures 
The preceding flame temperature of 3 760® F calculated on the assump- 
tion that the entering air needed for the combustion of the coal was at the 
atmospheric temperature of 60® F ard so did rot cam in with it anr heat 
If, howcTt-er, the air w:^ preheated to /* F hv the lime it inflamed the coal dun 
the quanutv o*" heat carried bv this air into the fuTiace is equal to the number of 
B Th U ’s required to rai e the 10478 Ib. of air necessarr for burning 1 lb of 
standard coal from 60° to F 

Let the quantitv of beat be denoted br 0 B Th t ’s, then Q, mu t be d 
rnrotfteis tfcoB I7i V hfi6enir«f6\ theccjifin order to armnat the total heat 
liberated in the furnace per t lb of coal burnt The presence of preheated air 
must therefo’e, rai<e the flame temperature 

I\e must now calculate a «cncs of u*r*^er^iiirts coTe- 

spondmg to ait preheated be various anoutu* which temperatures will la*cr 
he used for deducing mere e^oet rahti m the manner described bdow 

For Our purpose U will be sufiicienilv correet to assume that the mean specinc 
heats of the pasos concerned are those p'e^ailing bcTwn 60* and 4 F 
This will result m the flame tempera’urcj, being u.uall\ slightJr too high, bu’ 
the error «o introduced will be neatlv conpenijied for bv opposite errors m 
deducing the more exact results detailed below 

The former fonnula for calculating the flaire temperature cow becomes 
modified as follows — 

fHea: liberated | fHeat brought irto] 

Total heat- ^ by 1 lb of } + { the furnace bv -isfisoBThL s+Q,. 

t. coal j I loa;^ lbs of air I 
Sotliat r»6oo + Q, a 6 -i ■“77i(T-6o)<.7 r769fr~fiol 

+044SX lOa; 9+0'44S>:o 6'6iCT-6o) 

+ OC3JXO ^3(T-6o) 

whence T= 37^5+® 5^03^ (t) 

Q is calculated from the /.dies for the r\.*id esttm-^iiCf! «/ tit ie^t (-srntd 
ctcay tie ttit g-ises tf cer-ert rvt^n ithr^ ( Proirrtss Repon of the British 
Portland Cement Rescardi Association for Abnl i9'4 ) The results are shown 
in Table I ^ 123) 

how, sutfeUtuUng the mnous values of (3 from Table I in fon^ala (i) we 
obtain the approximate r^wr»c/;ni^ri4ifrcicotTe«ponduigtD the di’^'erenl tempera 
turcs to which the air IS preheated «hown m 'table II (p I2v3) 

More Accurate Calculation of FJame Temperatures 
The rrsults shown in Tabic II are Ohlv approximate for reasons abcix 
mentioned but ihei can be made the basis fo- mo'C accurate de’erminauons 
of the flame temperatures as follows — 

The furnace gases when heated from 60® F to T® (hi^^hest flame temperature 
degree) will absorb r2,6!?o B Th U ’s But from the Th*/*' worl-ed out bv the 
author for the British Portland Ctr-ent Researei issea.^ttor we can find o^t verv 
accurateh the quantity absorbed m beating the; fumace gases fron 60® to r^Sr®? , 
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Table I 

Qtiaiility pf Heat Required for Preheating 10.47S Lbs. of Air 
from (tC F. (15.6“ C.) Various Temperatures 


Tcmpcr.Bure' to which llic .\ir 
is to he I’rchc.itril. 
e\ 

n.Th.U/*i Required 
to Heat J Id), of Air 
from 60^ to r K. 

Il.Th.U.'s Required 
to Heat 10.47S Lbs. 
of Air 

from 60® to F. 

Q<. 

'■ r. 

“C. 



60 

16 

0.000 

' 0.0 

100 

3S 

9.212 

96.5 

200 

93 

32.242 

.738.0 

300 

149 

S 5 -S 6 o 

582.0 

1 .po 

204 

79.004 

828. 0 

j .“iOO 

2f)0 

102 710 

1076.0 

Loo 

3*5 

126.609 

1327 0 

I 700 


1 50.7 >8 

> 579-0 

.Soo 

•127 

175.002 

>834.0 

900 

•183 

199.472 

2090.0 

1000 

S-)8 

224. 1S7 

2349.0 

XICO 

591 

249.017 

2609.0 

1200 

649 

274.163 

2S73.0 

0 

0 

701 

299.375 

3 > 37 .o 

I.} 00 

760 

324 .867 

3404.0 

1 1500 

81S 

350.558 

.3673.0 

t 1600 

S71 

376.446 

3944.0 

1 J700 

92O 

.402.532 

421S.0 

j iSoo 

982 

429.177 

4497.0 

1 1900 

1038 

455.360 

477 >.o 

1 2000 

1093 

481.990 

5050.0 

‘ 2100 

1149 

508.037 

5333.0 

0 

0 

1204 

535.940 

5616.0 

j 2300 

1260 

563.090 

5900.0 


*315 

590.453 

6187.0 

j 2500 

>371 

618.363 

6479-0 


Table II 

Approximate Theoretical Flame Temperature Obtainable by the 
Combustion Gases in a Cement Rotary Kiln 

T = 3763 + 0.30530,. 


Temperature to 

Approximate 

Tcinpcrntiirc to 

Approximate 

^shich Fntcrint: 

Flame 

which l-.ntrrinR 

!• lame 

Air is Frcheatcd. 

Temperature. 

Air is Preheated. 

Temperature. 

‘F. 

T I\ 

°r. 

T" F. 

60 

3763 

900 

4401 

100 

3792 

JOOO 

4480 

200 

3865 

1 100 

4559 

300 

3941 

1200 

4640 

400 

4016 

1300 

4721 

500 

4092 

1400 

4S02 

600 

4168 

>500 

4884 

700 

424s 

1600 

4967 

Soo 

4323 
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and the difference between this quantity and 12,600 B Th U 's will be the amount 
of heat absorbed in heating the gases from 1,481“ F to the final temperature T“ 
We will calculate these quantities 


Quantity of Heat Liberated by ii 278 Lbs of Furnace Gas Sinking 
from 1,481“ la 60“ F 


Gas 

1 B Th U *s EvolTed 1 Lb ml 
1 Sinking 1 451 ° to 60“ P \ 
1 (-) ! 

Weight of 
Cat 

(i) 

1 Total 

! B Th U s 
j (oXi) 

CO* 

N* 

H2O (lapour) 

Excess air 

360911- 5831=355080! 
362 685-6 633 = JS6 052 1 
696358-13 107 = 683251 1 
352200- 6^48=345752 

1 

lbs 

2 624 

7 669 

0448 

OSH 

931 7299 

2730 5628 
306 0964 
185 6688 

It 278 

1 

4154 0579 


So that ij 278 lbs of furnace gas sinking from 1,481® F liberate 4154 i 
B Th U ’s To this must be added the quantity of heat liberated when o 448 lb 
of water vapour at 60® F condenses to liquid water at 60® F 
This equals 0 448 x latent heat of evaporation of water at 60* F 
-0 44®’«*<'S7 9 
-473 9 B Th U s 

Hence the total amount of heat liberated by 1 1 278 lbs of furnace gar sinking 
from 1,481® rf 60® F tt 4134 1+473 9*-4,dr8 B Th U's This is, of course, the 
same as the quantity of heat absorbed in heating the same weight of gas from 
60® to X 48r® F 

Noivfrom Table II , given in Chapter XI , the mean specific heat oS the furnace 
gases between 1,481® and 3,735® F 1$ o 3089 

Hence we have the following more exact formula for calculating the theoretical 
attainable temperature by the combustion gases 

Let T® F be maximum flame temperature Consider the ji 278 lbs of gas 
to be raised first from 60® to 1 481® F and then from i 481° to T® F 
Then, as before 


(Heat absorbed m heating' 

* combustion gas from 
60® to 1,481“ F 
26 oo + Q,»4628 + ii 378CT- 1481) X S: 


- 


•).f 


Heat absorbed in heatingl 
combustion gas from j- 
r 481“ to T“ F J 


T=-i2Z^t%. + i48. 


( 2 ) 


Here T =flame temperature in " F 

Q = B Th U ’s brought into furnace bv 10 478 lbs 
ST’=efiea» specific heat of the combustion gas between 1,481“ and T® F 
Now, inserting in (2) the various values of Q, taken from Table I and the 
sarious salues for St corresponding to the approximate flame temperatures given 
in Table I for various degrees rf preheating the air, we then arrive at the 
following table (III ) of more exact ^me tempeiatures In the latter part of the 
table the saiues used for St are those appertaining to the calculated flame 
temperatviTC )ust below the one required to which the temperature difference 
between the last pair of flame temperitures has been added This procedure 
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makes the results slightly more accurate in the latter part of the table than in 
the former, but the errors are quite negligible for practical purposes. The actual 
values for St are taken from Table II., Chapter XI. Of course the higher values 
of the calculated flame temperature could not be obtained in practice on account 
of the thermal dissociation of the various gases. 


Table III 


More Accurate Calculations of the Theoretical Flame Temperattcres 
Obtainable by the Combustion Gases in a Cement Rotary Kiln 


7972 +Q 
11.278 xS^ 


+ 1481. 


Temperature to which Entering 

Air is Preheated. 

Calculated Flame Temperature. 

"F. 

“C. 

“F. 

“C. 

60 

16 

3769 

2076 

100 

38 

3794 

2090 

200 

93 

385s 

2124 

300 

149 

3916 

2158 

400 

204 

3977 

2192 

500 

260 

4038 

2226 

600 

31S 

4100 

2260 

700 

371 

4160 

2293 

800 

427 

4222 

2328 

900 

483 

4282 

2361 

1000 

548 

4344 

2396 

1100 ^ 

594 

4405 

2430 

1200 

649 

4465 

2463 

1300 

704 

4525 

2496 

1400 

760 

4586 

2530 

1500 

■815 

4645 

2563 

1600 

871 

4706 

2597 

1700 

926 

4805 

2652 

1800 

982 

4862 

2683 

1900 

1038 

4936 

2725 

20 CO 

ro93 

4995 

2757 

2100 

II4Q 

5°7i 

2800 

2200 

1204 

5147 

2842 

2300 

1260 

5224 

2885 

2400 

1315 

5301 

2927 

2500 

1371 

5370 

2966 




CHAPTER XIII 


FLAME TEMPERATURES OBTAINED IN 
PRACTICE IN THE CEMENT ROTARY KILN 


The high theoretical flame temperatures calculated in Chapter XII. are never 
obtained in practice. 

The following table shows the actual flame temperatures prevailing in kilns 
as measured by rarious obsen-ers : — 


Observed Flame Temperatures of Rotary Kilns 


Works. 

Obser^-er. 

Method of Observing. Flame Temperature. 

Xo. 9 

B.P.C.R.A.* ^ 

Optical P\-rometer 2759° F. (1513° C.) 

„ 10 . . 

?? 

„ 2692° F. (1478° C.) 

„ It . . 

3f 

„ 2536° F. (1391° C.) 

,,26 

ft 

,. 2835° F. (iss7° C.) 

Rudersdorf (1923) , 

Prof.R.Xackenfi 

Pt-Rh-Thermo- 2606° F. (1430° C.) 


1 

couple 

1 Lehigh Valley (1903) 

E. C. Soper t 

„ ' 2587° F. (1420° C.) 


Of these results, probably those of Professor Xacken are the most accurate, 
as they were determined with the greatest possible precision, and will be taken 
here as the mean flame temperature prevailing in an ordinary rotar}* kiln. The 
optical pyrometer registers the temperature of only the hottest portion of the 
flame, and so tends to give high values. The theoretical flame temperature attain- 
able with air preheated to, say, 400° F. is 3,977° F. (2,172° C.). 


Reasons why the Practical Flame Temperatures Fall Short of the 
Theoretical Flame Temperatures 


The reason why the theoretical flame temperature is not attained in a rotarj' 
kiln wll be ob\-ious from the following considerations ; — 

Suppose the rotarv kiln is producing, say, W tons of clinker per hour witli a 
coal consumption of C tons per ico tons of clinker. 

Suppose that a rotary kiln is consuming C tons of coal per 100 tons of clinker 
and is producing W tons of clinker per hour. 


C • . C N 2240 

Then, in i hour — tons of coal are burnt, and in i sec. — ^ ^ — lbs. 

100 100x3600 

r I ■, Tr /- t • , * 3600 X 100 XI . 

of coal are burnt, or i /3. of coal is burnt in ^ secs, = say, / sec:>. 

2240 xW .C 


* B.P.C.R.A. stands for British Portland Cement Research Association, 
t J?. PratokoU dcr Vcrkandlungcn des Vercitis Dcutschtr Portlcnd-Cemcr.U 

Fahrikar.Uf: fE.V.), Charlottenbui^, 1921, p. 1S4. 

t C. Sc>j!cry “ Report on a Test of a Portland Cement Plant,*’ Ergincccring Kcirs, 1005, 
liv.. Nr. 25, p. 664. 
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Hence, m / secs ii 278 lbs of cranbustion gas are produced b) the burning of 
this coal / IS a time peculiar to each kiln working under constant circumstances, 
being the time tn seconds required to burn i lb of coal The larger the hln, 
the smaller the / 

Now let us follow the history of this si 278 lbs of gas in the clinkering rone 
Suppose that the i lb of coal is supplied with 10 478 lbs of air preheated to, say, 
400° F and placed m an insulated enclosure and allowed to bum, the time of 
combustion being t secs , as abo\e described Then under the circumstances 
the 11 278 lbs of gas will nse 3,977'* the theoretical flame temperature 
appertaining to air preheated to 400” F , as shown in Table III , Chapter XII 
But in the actual kiln this ii 278 lbs of gas is losing heat for the whole i secs 
(by radiation, conduction, and con\ecti<Hi), and the total amount of heat lost m 
this time IS such as to r^uce its temperature to, say, 2,600® F (instead of the 
theoretical 3,977® F ), as shown by Nacken 

Table II , Chapter XI , allows us to calculate this loss of heat The 
instantaneous specific heat of the gases of combustion at 3 977® F is 0 3426 + 0 77 
xo ooji”© 3450 The instantaneous specific beat of the gases of combustion at 
2,600® F is o 3071 So that the mean specific heat of the gases of combustion 
between 3,977® and 2,600° F is 


03071+03450 . 


■o 3260 


Hence the amount of heat lost by radiation, conduction, and convection 
II 278 lbs of gas m/ secs is 

II 278 X o 3260 X (3977 - 2600) 

«ii 278x03260x1377 
-4 836 B Th U ’$ 


So that the percentage loss of heat on the total heat of combustion is 
4836 X 100 _ g 
12600 + 828 ^ ^ 


by 


Where is this heat going to ? It is a constant loss going on steadilj in a kiln 
It IS going to (i) maintain the walls of the kiln at their constant temperature m 
spite of radiation loss i e , compensate the radiated losses from external walls 
(external radiation) (2) much is radiated from the hot flame down into the 
cooler parts of the kiln , (3) part is communicated by conduction and convection 
to the material in the clmlenng zone 

(t ) is utterly wasteful , (2) and (3) can be usefully employed under limitations 

These questions w ill be dealt with later They are of vital importance in the 
design of the kiln 

Since the clinker at the clmlcenng temperature tends to evolve heat rather than 
ab«orb it, the practical flame temperature is not much lowered at its initiaf point 
owing to the formation of clinker 1^ absorption of heat, and so it comes about 
(as we shall see) that we can in practice calculate with a fair degree of accuracy 
the amount of clinker produced hq a flame sinking through different temperatures 



CHAPTER XIV 


WEIGHT OF CLINKER PRODUCIBLE USING 
COMBUSTION GASES OF DIFFERENT FLAME 
TEMPERATURES AND SUPPLYING 10.478 LBS. 
OF AIR PER I LB. OF STANDARD COAL 
BURNED 


§ I. Hot Gas is the Main Heating Agent in the Rotary Kiln— The coal 
dust when fired into the kiln oxidises very nipidiy into a mass of hot gas, which 
(as some calculations made below will show) must be considered as the main 
heating agent in the rotary kiln. 

One lb. of standard coal yields 11.278 lbs. of hot combustion gas, which, in 
the ordinary cement kiln, starts at an initial temperature of about 2,600° F. 
(1,427° C.) and travels down the kiln and imparts its heat to the raw material in 
the kiln. 

1,481° F. 


Above 1,481° F. 

Below 
1,481° F. 

A. 

B. 

Clinkering and 
Decarbonating 


Zone, 



Fig. I. 


§ 2. The kiln may be divided into two parts — a portion A, where the tempera- 
ture inside the kiln is above 1,481° F. (805° C.), and a portion B, where the zone is 
below 1,481° F. (805° C.) (see Fig. 1). 

1,481° F. (805° C.) is the temperature whereat calcium carbonate begins to 
decompose in the furnace, and no clinker can be formed until the chalk does 
decompose. 

So that any heat escaping past the line dividing the A portion of the kiln 
from the B portion is completely lost so far as actual cement formation is con- 
cerned — the heat thus escaping being merely employed in preheating and drying 
the raw material preparatory for its conversion into clinker. 

§ 3. The quantity of clinker formed, therefore, is measured by the amount 
of heat absorbed by the raw material between 1,481° F. (805° C.) and the clinker- 
ing temperature (2,498° F.). This quantity of heat Q must, in the ideal case, 
be equal to the amount of heat given out by the hot gas between the time of 
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entering the kiln at mn and leaving it at op {since no radiation and conduction 
loss occurs) (Fig. 2) 

If the Combustion gas from i lb of coal starts m the section A at its maximum 
temperature of T° F , and leaves the section A at the temperature 1,481® F , the 
^ount of heat it has given up b> the ti 378 lbs of gas passing down the section 

0=11278 S (T-r^Sr) B Th U ’s, 
where S = the specific heat of the gas 

To form r lb of clinker requires the absorption ©f 918 6 B Th U 's by the raw 
material between 1,481® F and its clmkenng temperature (see Chapter IV ) 
So that the weight in lbs of clinker formed by the ii 278 lbs of hot gas 
( = r lb of standard coal) in the section A is 


Q _ 11^78 S (T-i 48 i°) 

918 6 918 6 


(0 



FlO 2 


For some purposes the folloiTing formula is somewhat more convenient for 
use in calculating W, although, in fact, it is the same formula as (i) 

If W IS the number of lbs of clmlcer producible by 1 lb of standard coal— 
•^y ^ B Th U ’s contained in combustion gases from i lb coal above 1,481®? 

B Th U 's necessary to form x lb of chnker above 1481® F. 
/i2,6od-f-B Th U ’s m 10 468 lbs I _ /B Th U ’s m combustion gas\ 

of preheated air / \ between 1,481® and 6 p®F J 

918 6 

§ 4 In order to connect the ra/e of formation of the clinker with the amount 
of coal burnt, we proceed as follows — 

In / secs the kiln consumes i lb of standard coal, and therefore produces 
It 278 lbs of combustion gas Hence in t secs ti 278 lbs of combustion gas 
enter the section A at temperature T® F , and ij 278 lbs simultaneous!) leave 
It at a temperature 1,481® F , the heat, therefore, lost b> the hot gas tn t secs in 
the section A is equal to the heat lost by ri 278 lbs of gas sinking from T® to 
1 ,481® F So that m t secs the amount of heat absorbed by the raw material in 
A is 

Q = ii 278 S (T-i48i)BThU ’s, 
and iheiefore the amount of ilinktr produced m f secs is 

S_-(T-,480 j5 u ’s 
918 6 

So that the amount of clinker produced by the kiln in i sec is 
\y_ii 278 S (T-1481) 

/ 918 fit 


(t) 
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and the tonnage producible per /:our by the kiln is 


ii.ayS ■ S ■ (T-i4St)x36oo 

918.6 x/x 2400 ■ 


(3) 


§ 5. The next step is to calculate the amount of heat tvhich can be liberated 
by the 1 1 .27S lbs, of the combustion gas ( = r lb. of standard coal) in sinking from 
various flame temperatures down to t.4Si° F. 

On ditdding this amount of heat b_r 91S.6 (representing the number of 
B.Th.U.’s which must be absorbed by the raw material between 1,481° F. and 
the clinkering temperature in order to produce r lb. of clinker) we get the number 
of lbs. of clinker producible by i lb. of standard coal under these circumstances. 

These oilculations are carried out in the following table (L). 

The \-arious theoretical flame temperatures tabulated in Table III., C/wpkr 
XII., are pLaced in column r. 


T.\ble I 


(I) 

(=I 

( 3 ) 

( 4 ) 

( 5 ) 

A Theoredcal 
Flame 

B.Th.U.’s 
Liberated br 

Lbs. of Clinker 
Thcoreticallj' Pro* 
ducible per i Lb. 
of Standard Coal of 
12.600 B.Th.U.’s 
Burnt in Upper 
Part of Kiln. 

Tons of 
Standard Coal 

Temperature of 

Temperature 

11.27S Lbs. of 

Consumed 

Preheated Air 

(as Calculated in 
Table III.. 

Combustion Gas 
Fallms; from. 

per ICO Tons 
Clinker 

for Coal 
Combustion. 

Chapter XII.). 

•r to 14S1® F. 

Produced. 




Q=ii.27SxS 

Q _\v 

oiS.exioo 

1 

1 t 

0 


’ 

X{T-I4Si). 

018.0 

Q 

\ 


' F. 

*C. 




'F. 

^C. 

5370 

2966 

r 4 r} 5 = 

15.73= 

6.36 

2500 

1371 

5301 

2927 

14,160 

15.414 

6.49 

2400 

131s 

5224 

=SS 5 

I 3 >S 73 

15.102 

6.62 

2300 

1260 

5147 

2S42 

13,589 

14.793 

6.76 

2200 

1204 

5071 

2S00 

r 3 - 3 a 6 

14.4S5 

6.90 

2100 

1149 

4995 

=757 

t 3 >o =3 

14.177 

7.05 

2000 

1093 

4936 

- 7-5 

i =,744 

13.S73 

7 .=i 

1900 

103S 

4S62 

=683 

t=, 47 o 

13.575 

7 *37 

iSoo 

982 

4S05 

2652 

12,191 

i 3 .= 7 i 

7.53 

1700 

926 

4706 

=597 

11.915 

12.072 

7.71 

1600 

S71 

4645 

=563 

11,643 

1=675 

7.89 

1500 

S15 

45S6 

= 53 ° 

11.37S 

12.3S6 

S.07 

1400 

760 

45-5 

2406 

II. no 

I =-094 

S.27 

1300 

704 

4465 

=463 

10,845 

11.806 

8 -17 

1200 

649 

4405 

= 43 ° 

10,584 

11.5== 

S.6S 

IIOO 

594 

4344 

=396 

10,3=4 

11.230 

8. 90 

rooo 

34S 

42S2 

=361 

10,062 

10.954 

9.13 

900 

483 

4222 

23=8 

9,806 

10.673 , 

9.37 

800 

4=7 

4160 

4100 

==93 

2260 

9.551 

9,301 

10.397 

10.125 

9.62 

9.SS 

700 

600 

371 

315 

403S 

2226 

9,048 

9.8498 

10.15 

500 

260 

3977 

2192 

8.Sco 

9.5S0 1 

10.44 

400 

204 

3916 

2I5S 

S.553 

9.311 1 

10.74 

300 

149 
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T^ble I — {Cfffiftnuel) 


(1) 

\ Thwetical 
Maximum Flame 
Temperature 
(as Calculated IQ 
Table III 
Chapter \n ) 

(3) 

BThb ’s 
Liberated be 

II 2;SLl« of 
Combustion Gas 
Fallin? from 
■rtoi^Si-F 

(3) 

Ihs of Cliober 
Theoreticallf Pro* 
docsble per 1 Lb 
ifStaodardCoalol 
12 600 B Th U ‘s 
Burnt in Lpper 
Part of Riin 

(4) 

Tons of 
Standard Coal 
Consumed 
per ICO Tons 
Cliaier 
Produced 

(2) 

Temperature of 
Piiheated Air 
for Coal 
Combustion 

T 

Q=ii^,SxS 

J2__k 

9iSj6 

91S6XIOO 

Q 


“F 

'■C 




'F j »C 

3S5S 

2124 

8309 

9045 

11 06 

200 , 93 

37W 

20QQ 

8070 

8.780 

*138 

100 j 38 

3769 

••076 

7972 

$680 

II 5* 

60 1 16 

3700 

-038 

77*8 

S40S 

1189 

1 

3600 

1982 

7334 

7 984 

12 S2 

1 

3500 

1926 

6954 

r <70 

*3 ** 

( 

3400 

1872 

65S2 

7 *6S 

*3 96 

t 

3300 

1816 

6210 

6761 

*4 79 


3200 

1760 

5841 

6359 

*5 73 


3100 

1704 

5478 

5963 

16 77 


3000 

1649 

5**? 

556S 

*7 96 


S900 

I«;94 

4759 

5 >81 

*9 30 

•»8oo 

1538 

4405 

4 79> 

so 85 

3700 

1482 

4053 

4*4'3 

66 

3600 

1427 

3704 

4 03* 

24 80 

3590 

J4»i 

366S 

3 993 

25 04 

3580 

I4>5 

3<S34 

3956 

25 aS 

3570 

1410 

3600 

3 9*9 

“SSS 

2560 

1404 

3566 

38S2 

aa 76 

2550 

IJ99 

3530 

3843 

=6 0= , 

2540 

1393 

3496 

3806 

2627 

2530 

rj8S 

3462 

37 ^ 

'5 « 1 

2520 

1382 

3427 

3 73* 

"6 80 ' ' 

•.510 

1377 

3393 

3<»93 

27 oS 

2^00 

J37» 

335S 

3 60^ 

27 35 1 

2490 

1365 

3334 

3 6*9 

27 63 1 

•’380 

1360 

3=9" 

3583 

-7 92 

24-0 

*354 

3256 

3545 


2460 

*349 

J221 

3507 

’S5I 

2450 

*349 

J22I 

346® 

28 S3 i 

2440 

*337 

3*53 

343* 

29 14 

2430 

*332 

3**9 

3390 

’9J= , 

2420 

*337 

30S:, 

3 3S9 

29 77 


132J 

3050 

3 3*0 

30 12 

3400 

*3*5 

30*6 

3 *83 

3046 I 

2300 

1260 

2677 

2 9*5 

3430 1 

2200 

1204 


2 549 

39 25 

2100 

**49 

2007 

’18, 

45 77 ) ; 

2000 

*093 

1676 

I 824 

54 8- i 1 

1900 

1038 

*347 

i_f66 

7".J 

1800 

9S2 

lO’* 

I *1* 

9000 



9’6 

69S 

0 -60 

*3* 58 



871 

37S 

0-4** 

2433* 



8*5 

60 

0 065 

153846 


1481 

805 

«> 

0 00 

Infinite 
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The mean specific heat S of the furnace gases between T° and 1,481° is next 
taken from Table II., Chapter XI. Then the required quantity of heat in 
column 2 is calculated by the formula 

Q = 11.278 xS X (T - 1481°). 


Column 3 then gives the weight of clinker theoretically producible per i Ib. 
of coal burnt in the upper part of the kiln, which, for convenience for the manu- 
facturer, is reduced to tons of standard coal consumed per 100 tons of cement 
in the next column (4) . 

For convenience’ sake I have added in column 5 the temperature to which 
the entering air must be preheated in order to obtain the flame temperatures 
indicated in column i . 

A study of Table I. leads to the following important conclusions 

(i) An ideal kiln, subject to no losses of any kind, could produce 100 tons of 
cement clinker by the combustion of 6.36 tons of standard coal. 

The ordinar)' wet process rotary kiln is supposed to be doing well when it 
produces 100 tons of clinker for 28 tons of standard coal, so that the efficiency 
of the ordinary kiln is only 


6.36 X 100 

is 


= 22.7 per cent. 


There is, therefore, much room for improvement in the rotary kiln. 

(2) In an actual rotary kiln the practically observed flame temperatures 
correspond with the theoretical output of clinker appertaining to that temperature. 
Thus the observ'ed flame temperature of 2,600° F. corresponds with a clinker 
output of 100 tons per 24.80 tons coal fired. 

This has actually been achieved in kilns belonging to certain works, and 
means that the gases, starting at 2,600° F., actually give up all their eifective heat 
to the raw material (f.e., the gases escape from the decarbonating zone at a tem- 
perature degree of 1,481° F., so that they have given up all their effective heat to 
the raw material). In most kilns, however, the output is 28 to 33 tons of coal 
per 100 tons clinker, the reason being that the combustion gases travel so quickly 
down the kiln that they escape from the decarbonating zone not at 1,481° F., but at, 
say, 1,700° F., so that the effective heat has not been communicated to the raw 
material. This is dealt with in the next chapter. 

(3) The fact that the practically observed flame temperatures agree with clinker 
outptit in practice leads to the most important practical conclusion that the heating 
in the kiln is indeed carried out by the hot gas and is measttred by the heat loss from 
the gas as it passes dowti the kiln. 

The importance of this conclusion is this : It follows that if you wish to 
increase the yield of clinker much beyond 100 tons per 24 tons of standard coal, 
it is absolutely vital to increase the flame temperature in the cHnkering zone. 

From equation (i), if W is the weight of clinker formed per i lb. of coal burnt 
and T is the flame temperature — 

11.278 . S . (T-r48i) 

^ giSA ’ 

or W = constant X (T- 1481). 

Hence the higher is T, the larger is W. 

How the flame temperature can be increased without ruining the lining will 
be explained in a later chapter.* It forms a vital element in the design of a kiln. 


* In Vol. ir. of this Report, not yet written because the British Portland Cement Research 
Association was dissolved before the work could be completed. 

6 
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(4) The higher the flame temperature of the gaseous mixture, the greater the 
clinker output per s Jh of eoal burnt 

This IS a conclusion of great practical importance Anv influence which 
diminishes the flame temperature of the gases necessaril} diminishes the clinker 
output per I lb of coal burnt 

The subject will be treated again in a later chapter, and the influence of excess 
of air on clinker output will be examined and shown to be deleterious 
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CHAPTER XV 

FOR FUEL ECONOMY IT IS ESSENTIAL TO 
UTILISE HIGH-GRADE HEAT FOR HIGH- 
GRADE THERMAL WORK AND LOW-GRADE 
HEAT FOR LOW-GRADE THERMAL WORK 


The Entrophy of Portland Cement Formation 


22 OS Its, ef eiiT&d ga* 


§ I. Distinction between High-Grade and Low-Grade Heat.— It is essential 

to grasp the difference between high-grade and low-grade h,eat. Neglect of the 

fact that I B.Th.U. when liberated at a high temperature can do vert' different 

amounts of thermal work than when liberated at low temperatures has caused 

the heat balance of the rotarj* kiln to be much misunderstood, and veiy misleading 

practical consequences have as a 

result been deduced therefrom, which 

have led to serious errors in kiln las. cf 

design. c c.sus-.ic., 5^ 

... , I 1 2eoo°F 

§2. In order to illustrate the 

difference between high-grade and 
low-grade heat let us consider 11.27S 
lbs. of combustion gas produced by 
burning i lb. of standard coal with 
10.47S lbs. of air (see Chapter X.), 
which occurs in the ordinarj- cement 
rotar}- kiln. If, as in the ordinary- 
kiln, the flame temperature of the 
resulting gas is 2,600° F., then 11.27S 
lbs. of combustion gas falling in 
temperature from 2,600° to 60° F, 
can liberate 8,332 B.Th.U. ’s. 

Now mi.x this hot gas with 10.727 
lbs. of air at 60° F. Then the re- 
sulting mixture will acquire a tem- 
perature of 1,481° F. If now the 
mixture of 22.005 ^^s. of gas be allowed to fall in temperature from r,4Sr° 
to 60° F., then precisely the same amount of heat as before will be liberated, 
viz., 8,332 B.Th.U.’s. So that 11.27S lbs. of furnace gas falling in temperaiure 
from 2,600° to 60° F. tL’ill evolve exactly the same number of B.Th.U.’s as 
22.005 of mixed gas falling from 1,481° to 60° F., vh., 8,332 B.Tli.U.’s. 




■» CO F 

Fic. I . — Illustrating the fact that the same number 
of B.Th.U /s can be obtained from 11.27S lbs. 
of Furnace Gas sinking from 2,600® F. as from 
22.05 ^hs. of Mixed Gas sinking from 1.4S1® 
to 60® F. 


§ 3. But these two lots of 8,332 B.Th.U.’s, although equal in number, are not 
identical in properties. There is this vital difference between them — the 8,332 
B.Th.U.’s from the furnace gas can produce 3.993 lbs. of clinker (as shotvn in 
Chapter XIV., Table I.), whereas the 8,332 B.Th.U.’s from the mixed gas are 
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unable to produce a single ounce of ehnker The first lot of B Th U ’s consist of 
what we term high grade heat, while the other lot consist of low grade heat 
Hence high grade heat does not act tn the same way as low grade heat 

A certain number of B Th U ’s available at a high temperature will act 
entirely different from, and possess an entirely different value from, the same 
number of B Th U 's v/hich are only available at a low temperature There 
IS as much difference between one unit of high grade heat and one unit of low 
grade heat as there is between i lb of diamonds and i lb of coal In the first 
case the same amount of heat isavailable, but itsyinr/i/v is different In the second 
case the same amount of carbon may be available, but its quality is different 

§4 Now let us go back and otmsider in greater detail the nature of the 
B Th U ’s eiolved from the II 278 lbs of furnace gas 

As explained in Chapter XIV , the high grade heat available for cltnher forma 


11 728 lbs of 
rumaee g as. 


2600 F 


Hieh Grade 


B Th O' a 

3704- 

BThUs 


I48l> 


Low Grade 

B Th U'a 

4626 
BTh Ua 


eoV 



Total 8332 B Th 


t1 278 lbs CAS 


B.Th U'8 
available for 
clinker 
foroiatien 


V 


B Th U’e 
available 
for evapor- 
ating water, etc 


Y 

U*S. 


Fig 2 — Illustrating the number of High grade and Low grade B Th U s contained in ii 27s 
lbs of Furnace Gas healed to 2 600“ F (the ordinary Flame Temperature prevailing in 
the Rotary Kiln) 


iion consists of those B Th V 's whuh are evolved by the gas above the temperature 
level of 1,481° F (the temperature of decomposition of the CaCOj m the kiln) 

Hence m this case since 3,7o4B Th U ’s areevolvedby ii 278 lbs of furnace 
gas sinking from 2 600° to 1,481° F out of the total of 8,332 B Th U ’s contained 
in the gas, only 3 704 are available for clinker formation and the remaining 
4,628 B Th U ’s (which are evolved between i 481° and 60° F ) can only be 
used m the dehydrating and prdieating 2one for evaporating water and the like 

§ 5 Hence we have this vitally important fact Although the whole 8,332 
B Th U 's contained m the n z68 lbs of combustion gas between 2 600° and 
60° F can be utilised for evaporatmg water and preheating slurry, if we so desire, 
it IS impossible to employ them all mmaking clinker Only the 3,704 B Th U s 
can be emploved for making clinker and therefore, so far as the cement manu 
facturer is concerned, these 3 704 B Tb U s are especially valuable, whereas the 
remaining 4,628 B Th U ’s possess little value , 


/ 
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§ 6. If, therefore, any of these valuable 3,704 B.Th.U.’s are employed in doing 
the low-grade thermal work of evaporating water or preheating slurry, we are 
using valuable high-grade heat in doing inferior thermal work, which can be done 
equally well, if not better, by the more abundant and cheaper low-grade heat. 

It is as if we are employing a valuable race-horse for drawing a plough instead 
of employing the much cheaper cart-horses for the job, or as if we are throwing 
diamonds into a furnace to develop heat instead of employing ordinarj- coal. 


§ 7 . This, then, is what happens when the furnace gases are allowed to escape 
from the decarbonating zone at any temperature above 1,481° F. (1,371° C.). 
They are carrying with them unutilised a certain proportion of high-grade heat, 
which is then utilised in evaporating water in the lower part of the kiln. Let us 
illustrate this by a concrete case. 

Suppose that the furnace gases in the kiln escape from the decarbonating zone 
into the dehydrating zone at a temperature of, let us say, r,Soo° F. Then the 


I800°F 


148lV 


eoV 


1021 

B.Th.Us 


4628' 

B.Th.Us 


11-276 lbs GAS 


: B. Th. U's 
i available 
? for clinker 
•T" formation. 


B.Th.U’s. 
available 
for evaporating 
water. 


Total 5649 B. Th.U’s. 

Fig. 3. 


total heat contained in 11.268 lbs. of the combustion gas bebveen 1,800° and 
60° F. is 5,649 B.Th.U.’s, a// of which is available for evaporating the water and 
drying the slurry. Yet of these 5,649 B.Th.U.’s only 1,021 are available for form- 
ing clinker, and therefore, if these 1,021 B.Th.U.’s are allowed to escape into the 
evaporating zone and be employed in evaporating water instead of liberating 
clinker, it is obidous that a very serious loss of high-grade heat is going on 
(see Fig. 3). 

This loss is all the more serious because if the above-mentioned 1,021 B.Th.U.’s 
were employed in forming clinker, they would liberate at 1,481° F. no less than 
0.51 lb. of CO., from the calcium carbonate, so that the combined mass of gas 
passing down Ae kiln would still have available for evaporation of water and 
preheating the slurrj-all the 1,021 B.Th.U.’s after this latter had performed their 
due work of forming clinker. 

All that would have happened to the 1,021 B.Th.U.’s after performing 
die thermal work of producing clinker would be that it had become transformed 
from the categori' 1,021 B.Th.U.’s of high-grade heat (f.c., heat available above 
1,481° F.) into 1,021 B.Th.U.’s of lower-grade heat. 
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§ 8 It IS, therefore, an absolute and irretrievable wastage to allow any high 
grade heat at all to escape into the loner part of the kiln without forming from 
It all the clinker we can 

It is as if we desired to obtain work from a high pressure steam boiler con 
taming steam at 250 lbs pressure, and yet before allowing the steam to pass 
into the cylinders of the engine we deliberately allowed the pressure of the steam 
to fall to, say, 50 lbs by passing it through an expansion valve All engineers 
would condemn this practice, yet it is precisely similar to what cement manu 
facturers are doing when they allow high grade heat from the upper part of the 
kiln to pass uselessly down into the lower part without abstracting from it all 
Its asailable capacity for produang clinker before it reaches the evaporating 
zone 

§ 9 It is th s neglect to trap the high grade heat in the right part of the kiJn 
which makes the ordinary cement kiln so wasteful and inefficient as a thermal 
engine 

The whole attention of cement manufacturers should be concentrated on keeping 
the high grade heal tn xts proper sphere, vie , in the chnkering and decarbonating 
zone, and not allowing any to escape and be wasted tn the dehydrating and pre 
heating zone 

This, as will be proved m Chapter XVII , is only possible if the flame tempera 
ture of the gases is maintained as high as possible m the chnkering zone and as 
much heat as possible abstracted from the hot gases in the decarbonating zone 

Development of the Notion of High grade Heat 

On account of the vital importance of this aspect of cement manufacture 
we will treat the subject m adifferent way, so as to bring into ordinary engineering 
practice this conception of high grade heat and low grade heat 

When we are dealing with furnaces in which substances are made to undergo 
chemical or physical changes, it is not only the quantity of heat which counts, 
but even more so the thermal pressure (or temperature, as physicists call it) at 
which the heat is delivered to the substance For example, roo British units 
of heat available at a thermal pressure of 212® F are much less valuable than 
100 units of heat available at, say, 2,600® F In the one case 100 units of heat 
will produce no cement clinker at all, and in the other case the 100 units can be 
converted into an equivalent amount of clinker 

The ordinary thermal balance of the rotary kiln is practically useless from a 
technical point of view, because the quantities of heat are all expressed as so 
many B Th U 's without distinguishing whether these B Th U 's are available 
at a low thermal pressure or temperature. 

We here /not «*«?, for exampbe, on Cbaptw .XJV , xhst jy.bp.o ibp ilame Jran 
perature m the kiln is at its maximum of $ 370“ F (2,966° C ), we can produce 
100 tons of cement clinker by the expenditure of only 6 36 tons of standard coal 
(i2 6ooBThU ’s per lb One ton»=2,24o lbs =i 12 American tons) 

^Vhereas with a flame temperature of 2,600" F we could produce 100 tons of 
clinker by the combustion of 24 8 tons of standard coal, and with a flame of onlv 
1,481° F (805° C ) It IS necessary to burn an infinite amount of coal in order to 
produce an ounce of clinker 

The Case Analogous to the Generation of Steam in a Boiler — 
Millions ofB Th U ’s passed throughtheheatmgflues ofaboiler below the boiling 
point of water (100° C or 212° F at atmospheric pressure) will not generate 
steam The elevation of the temperature of the heating gases above 212° F is 
what decides the value of the heating medium so far as steam raising is concerned 

In the same ii ay, in cement production the value of the gaseous heating medium 
for producing cement clinker is measured by the number of B Th U ’s available 
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above 805° C. (1,481° F.)— the temperature of decomposition of the calcium 
carbonate, CaCOa, the temperature whereat the great heat absorption occurs in 
cement manufacture. 

The Entrophy of Cement Formation 

Mathematical physicists express the fact that not only is the quantity of heat 
important, but also the thermal pressure, or temperature, at which it is delivered 
by introducing the conception of ^"entrophy." The change of entrophy of a 
substance is measured by the quantity of heat which passes into the substance 
divided by the absolute temperature at which it passes in. 

In mathematical language : If be the change of entrophy, Q the quantity 
of heat, and T the absolute temperature, then 



The units of entrophy are termed “ranks,” after the celebrated engineer 
Rankine, who largely developed the conception of entrophy as applied to steam 
engine and boiler design. 

Indeed, the conception of entrophy is of prime importance to the steam engineer. 
By its means problems in steam engineering are easily and rapidly solved, which 
would be difficult, if not impossible, to solve by any other method. 

The fundamental advances which have been made in the designing of furnace 
boilers and steam engines within modern times largely sprang from the con- 
ception of entrophy and available energy. The magnificent entrophy tables, 
published by Prof. Callendar and others within recent years, have made accessible 
to all steam engineers the necessary data. Of no less importance for correct 
cement-kiln design is a knowledge of the magnitude of an entrophy, changes 
which occur at different stages of cement-clinker formation. 

Calculations made in Chapter XIV. on the thermodynamics of cement 
formation showed that by suitable thermodynamic design an ideal kiln could 
produce 100 tons of cement clinker, by the combustion of 6.36 tons of standard 
coal (12.600 B.Th.U.’s per lb.), and that by modifying the design of kilns to 
conform to the changes of entrophy in the raw material in different parts of the 
kiln, kilns very much more efficient than any now existing could be constructed. 
Consequently practical kiln designers, familiar with thermodynamic theory, will 
welcome the table on following page in which I have calculated the change of 
entrophy of the solid materials in making i lb. of Portland-cement clinker, 
reckoned from 32° F. as zero. As far as I am aware, this is the first time that 
such tables have been calculated for the cement industry. No doubt more accurate 
tables will in future be made possible when the thermal data relating to cement 
formation has been more accurately determined.* 


Application of the Preceding Principles to the Thermal History 
of Portland Cement Formation 

Returning now to practical details, in order to make Portland cement we 
must heat a mixture of clay and calcium carbonate (chalk, limestone, ttc.). 

But as we have seen, the heat must be supplied in a definite way. We must 
not only supply a certain quantity of heat, but we must also supply it at the right 
thermal pressure (or temperature, as physicists say). 

In order to see this, let us now follow the thermal historj' of a batch of raw 
material through the kiln. 

As water pla5'-s no part in the formation of cement, and is a mere mechanical 

* The tabic was first published in Cement and Cement Manufacture, and is reproduced here 
by kind permission of thc_Editor. 
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Tablf I 


Change of Entrophy of the Solid MattnaU which occur tn Making ii Lbs 
of Cement Cltnier, Reckoned from 32° F as Zero 


Temperature 

Entrophy Ranks 

Remarks 

Total Chang 
of Entrophy 
dunng 

Total Change 
of Entrophj 
dunng 






T F 



Stages 

Zones 

32 

492 

0 00 


0 128 

/ Drying 

312 

87 ’ 

0 124 

fo 124 at be;finnin^: 

/Evolution ofl 

\ zone, 0124 



672 



0 006 



10130 at end of 

I hydrated j 




[ 312 “ F 

1 silica ) 



212 

772 





313 

772 

0 189 




413 

872 

0 238 




SI 3 

972 

0 28’ 




613 

1072 

0 322 




713 

1x72 

0 3S8 




813 

913 

lei’ 

1373 

1372 

147s 

0 391 

0 43 ’ 

O 4 J 0 



Preheating 

zone, 

0447 



^0 477 at beginnings 

I 0fltI2*F 1 

'Evolution of ^ 


XIX 3 

1572 

io 486 at end ofl 
\ iiia^F } 

\ kaolin j 

0 009 


121a 

1672 

0 £10 




X3I2 

1772 

0 S 34 




X4xa 

1872 

0 556 




1481 

1872 

0 59t 

10 SIX at beginnir^i 

CEvoIution of 1 



X481 

1941 

] of 1481“ F 1 

10989 at end of/ 

Co, from ’ 
calcium 

041& • 

ating zone, 
0418 



( 1481" F / 

carbonate * 


14S1 

1941 

0 9S9 


\ 


1581 

2041 

I 0033 




1681 

3141 

1 0168 




1781 

2241 

I 0397 




rSSr 

2341 

I 0420 




1981 

3441 

I 0539 




2081 






2lSt 

2641 

I 0761 



Sintering 

2281 


I 0864 



zone. 

2381 

2841 

I 0967 


' 

0 0583 

2481 

-941 

I 1063 




2498 

2958 

I 1080 

Evolution at*! 





/i 1080 at bcginniiig\ 

heat due to 1 



249S 

’958 

of 2498® F \ 

I 0472 at end of/ 

exothermic [ 
reaction of | 

—0 0608 




[ 3498“ F 1 

clinker for | 

L 





mation -1 

- 




THE CEMENT ROTARY KILN 


15-7 

admixture, it simplifies the treatment of the subject to consider that the mixture 
is dry at a temperature of 6o° F. (15.6° C.). 

Assume that this batch of raw material consists of : 

1.1905 lb. of calcium carbonate (CaCOj). 

0.1846 lb. of kaolin (AL Sij O; aH^O). 

0.1540 lb. of hydrated silica (93 percent. SiOj, 7 per cent. H^O). 

0.0312 lb. of fernic o.xide (Fe., O3). 

Total: 1.56031b. 

This mi.xture, when ignited to about 2498° F. (1370° C.) will form i lb. 
of cement clinker of the ordinarj- tj-pe manufactured in Great Britain. 

As the temperature (or thermal pressure) of this i lb. mass of raw material 
increases — i.e., as it becomes hotter and hotter — different quantities of heat are 
absorbed, or, so to speak, pumped into the material at different temperature 
levels (or better, at different thermal pressures). 

The following table shows this, which I have calculated from data compiled 
by the British Portland Cement Research Association : — 


T.\ble II 


Qttantily of Heat Absorbed by the Solid Raw Materials in Making i Lb. of 
PortlaJid Cement Clinker between 32° F. and the Clinkering Temperature 
2,498° F. 


F F. 

32 

212 

312 

412 

512 

612 

712 

S12 

gi2 

1012 

1112 

1212 

1312 

1412 

1481 

1581 

1681 

1781 

1S81 

1981 

20S1 

21S1 

2281 

2381 

2481 

249S 


Quantity- of heat in B.Th.U.’s. 

O'OO 


/ 70.29 beginning of 212° 
(77.09 end of 212° F. 


F. 


(Due to splitting off|7o.29 B.Th.U.’s in 
' of water from hy- ( drying zone. 

(drated silica J 


V534.20 B.Th.U.’s in 
'preheating zone. 


117.60 
158.04 

198.59 

239.02 . 

279.57 

320.01 
360.54 
400.89 

f44i.42atbeginningofiii2°F.)Due to splitting offj 
\455.32 at end of 1112° F. j of water from kaolin 
495.68 
536.08 

576.47 

f 604.49 at beginning of 1481° F. / 

1,1416.41 at end of 1481° F. (811.82 B.Th.U.’s absorbed owing) Decarbon- 
1 , to evolution of COo by CaCO./ating zone. 

/ 


I 444 . 6 i\ 

1472-81 
1501.01 

1529.21 

1557.41 Igintering zone 
15S5.61 / ® 

1613.71 
1641.91 

1670.21 
1698.31/ 

f 1703.11 at beginning of 2498° F.\Due to c.xothennic 
\1523.18 at end of 2498° F. j reaction. 


286-70 B.Th.U.’s absorbed in heating the raw 
materials up to 2498° F. and 179.93° B.Th.U.’s 
are evolved when chemical union takes place, 
making net absorption 106-77 B.Th.U.’s. 
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In Making Cement Clinker it is Necessary to Force Different Quantities 
of Heat (B Th U ’s) at Different Thermal Pressures (or Temperatures) 
into the Raw Materials 

By studying this table you will see that between $2° and 212° F , the raw 
material must have forced into it a quantity of heat measured by 70 29 B Th U ’s 
So that from a practical point of view, 70 29 B Th U 's must be pumped into the 
raw material at a thermal pressure not below 2 12® F 

Next, between 212® and 1,481® F , you will see that the material must have 
forced into it an additional 534 B Th U ’s So that the kiln designer must 
arrange matters that this number of B Th U ’s must be a%'ailable from the 
surrounding heating medium at a thennal pressure between 212® and 1,481° F 
Next, at 1,481“ F — the temperatiue at which the calcium carbonate begins to 
decompose and evolve carbon dioxide — the materia] must have pumped into it no 
less than 812 B Th U 's delivered at a thermal pressure above 1,481° F 

If these B Th U 's are available from the heating medium at a lower thermal 
pressure than 1,481° F , they are of no practical value so far as decomposing the 
calcium carbonate and expelling the COj therefrom is concerned At a lower 
thermal pressure than 1,481® F the B Th U s simply cannot be pumped into 
or absorbed by the material, and they pass away through the kiln unabsorbed 
and without doing any useful chemical work, and escape up the chimney to the 
air unutilised , merely increasing the exit temperature of the kiln in so doing 
Finally, about 107 B Th U s must be forced into the material between 1,381® 
and 2,498® F m order to cause the lime and silica to chemically unite to form the 
mixture of calcium silicates, known as Portland cement clinker And if these 
167 B Th U s are not available from the heating medium at a thennal pressure 
of about 2,500° F , then no cement clinker is formed, no matter how many millions 
of B Th U s are forced through the kiln or how many tons of coal are burnt 
This fact was strikingly illustrated some >ears ago by costly large scale 
experiments, earned out by the Associated Portland Cement Manufacturers, 
at their Swanscombe Works, by Eldred He obtained hot gas derived from a 
producer whose flame temperature was slightly lower than 2,500° F and forced 
It through a rotary kiln fed with slurry The material came out severely under 
burnt, and the exit temperature at the end of the kiln shot up, while the fuel 
consumption increased enormously 

These experiments cost nearly ;£s,ooo, and demonstrated the impossibilitj 
of making cement by these methods 
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ON THE PREHEATING OF THE ENTERING 
AIR BY MEANS OF HOT CLINKER 


§ I. The temperature at which clinker issues from the ordinary cement kiln is 
about 2,500° F. 

The following figures shown in Table I. have been ascertained regarding the 
clinkering temperature of different kilns by different observers at different times. 
No doubt different mixtures have different clinkering temperatures. 

In the following calculations the temperature of the clinker is taken as 
2,500° F. (1,371° C.) 

Table I 


Observed Temperatures of Clinker at the Clinkering Temperature 
in the Rotary Kiln 


Works. 

Observer. 

Method of 
Observing. 

Temperature of 
Clinker. 

No. 9 . 

B.P.C.R.A.* 

Optical Pyrometer 

2554 ° F- (1401° C.) 

„ 10 . 



2447° F. (1342° C.) 

„ II . 



2298° F. (1259° C.) 

„ 26 . 

J. C. Gullent 

Seger Cones 

2444° F. (1340° C.) 
2552° F. (1400° C.) 

Rudersdorf (1923) . 

R. Nacken J 

Pt-Rh-Thermo- 

couple 

2498° F. (1370° C.) 

Lehigh Valley (1905) 

E. C. Soper § 


2496° F. (1369° C.) 

Rudersdorf . 

H. Kuhl 11 

0 . Schott 

A. C. Davis ** 

Lab. experiments 

2552° F. (1400° C.) 
2552° -2642° F. 

(i4oo°-i45o° C.l 
2552° F. (1400° C.) 
A reduction of 

3 per cent, in 
CaCO 3 reduces 
calcining tem- 
perature by about 

50° c. 


* B.P.C.R.A. stands for British Portland Cement Research Association. 

t Private communication. n 1 j r' 

j Nackett, Protokoll der Verhandltmgcyt dcs Vcrcths Dcutsch'n Portland- tctyiiui • 
Fahrikanten (E.V.), Charlottenburg, 1921, p. 1S4. 

§ P. C, Soper, “ Report on a Test of a Portland Cement Plant,’* pngincertng Acats, I905» 
liv., Nr. 21;, p. 664. „ , . 

11 K. Ktihl, Protokoll dcr Vcrhandtimgen dcs Vcrcins Dcutsclun Portland-Crmcnl-Pabn- 
kanten (E.V.), Charlottenburg, 1922, p. 200. 

* O. “ Dissertation,” 190G, “ Clinker Attains.” 

** A. C. Davis, ” hlanufacture of Portland Cement ” (Falconer, Dublin (1922)). 
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§ 2 If the maximum temperature that the clinker attains m the furnace is 
2,500° F (1,371° C ), and if the hot clinker passing awa} from the kiln is made 
to give up Its heat to the incoming air, the air cannot be preheated to a higher 
temperature than 2,500° F (1,371° C ), or it would become hotter than the 
clinker from nhich it derives its heat 


§ 3 The weight of air required to bum r lb of standard coal has previously 
been shown to be 10 478 lbs (see Chapter X ) 

It IS of interest to ascertain what weight of clinker issuing from the furnace 
at2,soo°r (1,371° C ) IS required in order to raise 10 478 lbs of air to 2,s:oo° F 
(1.371° C) 

The calculation may be earned out as follows — 

The specific heat of Portland cement clinker has been determined \ery exactly 
o\er a wide range of temperature by S H Harrison, M E , and Dr Walter P 
^^^ute, of the Geophysical Laboratory,* Washington, USA, who give the 
following formula for the mean specific heat of clinker between 0° and /° C — 


S„®=o r754 + i39i4tx io“*/-i25X io“*/®+ 4685 X (i) 

Now, assuming that the tcmpierature of the clinker is 2,500° F , or 1,371° C , 
we obtain the mtan speafic heat S„ of the clinker between 0° and r,37i° C 
by inserting /»ai,37i* m formula (i), and thus obtain 

S«."o 2519 between o* and 1,371° C (j’® to 2,500° F ) 

From our tables of mean specific heats the mean specific heat of air between 
32° and 2 500° F is o 2533 Hence, on the assumption that * lbs of the clinker 
in sinking from 2 500* to 60° F heats 10 478 lbs of air from 60° to 2 500* F , 
we have 


3 \eightof ^ Specific Heat 
Clinker ^ of Clinker 


X 


X X o 2519 X 


Range of 
Temperature 
Degree 
(2500-60) 


Weight _ 
of Air ^ 

10478 X 


Specific Range of 

Heat of X Temperature 
Air Degree 

02533 ^ (2500-60) 


x»,0 478x®*SM 

0 2519 

- 10 54 lbs of chnker 


So that 10 54 lbs of chnker at 2,500° F can preheat 10 478 lbs of air from 
60° to 2,500° 1 

It will be noticed that the mean specific heat of air and clinker may, for practical 
purposes, be taken as equal 


§ 4 In Chapter XIV a table was given (Table I ) showing the number of 
lbs of clinker which is theoretically producible by the combustion of 1 lb 
of standard coal when the flame temperature attains different values 

It IS of considerable practical importance in the design of rotary kilns to 
know to what temperature the incoming air necessary for combustion of the coal 
can be heated by the outgoing clinker 

The calculation may be carried out in the same way as § 3 ^ 

For example, with a theoretical flame temperature of 4,160° F (2 293 C ), 
I lb of standard coal could produce xo 397 lbs of clinker , and this clinker, 
issuing at 2,500° F , could preheat the mcommg 10 478 lbs of air necessary for 
the combustion of the i lb of coal to a temperature degree T° F , which is deter 
mined by the following equation — 


• Report on the Spceihc Heat of Portlaad Cement Clinker by S H Harrison M E 
Comm ttce on Conservation Portland Cement Association of U S A (ig’s) 
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Weight of 
Air 

10.478 


Specific Heat Range of 

X of Air at X Temperature 
2,500° F. Degree 

X 0.2533 X (T-60) 


Weight of 
Clinker 

10.397 


or 


T° = 2,468° F. 


Specific Range of 

X Heat of X Temperature 
Clinker Degree 

X 0.2519 X (2500-60) 


The next weight of clinker on the list of Table I., Chapter XIV., is 10.125 lbs., 
corresponding to a flame temperature of 4,100° F. (2,260° C.). As there is less 
clinker now produced per i lb. of coal burnt, the 10.478 lbs. of air will not be 
preheated to quite such a high temperature as before, and we must make an 
allowance for the variation in the specific heat of the air, which is much less at 
low temperatures than at high temperatures. 

This is done as follows : We take the former temperature of 2,468° F. attained 
by the air in the preceding case to be the approximate temperature of the air 
attained in the present case. We then take the mean specific heat of air 
at 2,468° F. to be the correct value of the mean specific heat to put in our equation 
for determining T°, the temperature to which the air can be heated by the clinker. 
We thus obtain the new equation for determining T, thus 


Weight of 
Air 

10.478 


Specific Heat 
X of Air at X 

2,468° F. 

X 0.2530 X 


Range of 
Temperature 
Degree 

(T-60) 


Weight of 
Clinker ^ 

10.125 X 


Specific Range of 

Heat of X Temperature 
Clinker Degree 

0.2519 X (2500-60) 


whence 


T = 2,408° F. 


To aid calculation a general formula may be worked out as follows : — 

If S„, be the mean specific heat of the air between T° and 60° F., and W be 
the weight of clinker produced, we have, as before 

10.478 X S„, X (T -6o)=W X 0.2519 X (2500-60), 

or T° = 60 + 58.66^ (2) 

By substituting in this formula successive values of W from Table I., Chapter 
XIV., and the corresponding successive values of S„,, corresponding to the 
various values of T°, the calculation may be easily effected. 


§ S' By proceeding in this way, the table on following pages was calculated, 
showing the maximum temperature to which the incoming air can be preheated by 
different weights of outgoing clinker, the clinker being assumed to attain a 
maximum temperature of 2,500° F. in the furnace. 

§ 6. On looking down this table it will be seen that in the rotary kilns con- 
suming 28.2 to 34.3 tons of standard coal per 100 tons clinker, it would be possible 
to preheat the entering air from 935° to 781° F. 

Since at least 15 per cent, of all the air required enters cold with the coal 
dust, the remaining air passing up the clinker shoot could be heated to tempera- 
tures about 15 per cent, in excess of these temperatures. The heavy loss of heat 
from the coolers by radiation, however, would greatly reduce the efficiency of 
the heat interchange between the air and the clinker, and it may well be doubted 
whether in many modern rotary kilns the mean temperature of air where it meets 
the coal dust possesses an average temperature much exceeding 400° F. 

There is obviously much room for improvement in the coolers of the ordinary 
rotary kiln. 

The lower the clinker output of the kiln per 1 Ib. coal burnt, the lower is the 
temperature to which the air can be preheated. 

§ 7. Several points in this table call for comment. We have seen that the 
incoming air cannot be heated by the outgoing clinker to a temperature higher 
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Table II 

Maximum Temperature to tohtck Ineemtng Air can be Preheated by the Out 
going Clinker tn Kilns Producing Different Yields of Clinker 

Assumption — i lb standard coal requires lo 478 lbs air Mean specific 
heat of cImWei beWeen <>0® and 2,500® F is o 1519 

Yield of Clinker 


(0 

I bs of ClinJcer 
Produced per l Lb of 
Standard Coal of 
iJdooBThU s 
Fiwd m Kiln 

W 

(2) 

Tons of Standard 
Coal Consumed 

Chnber Produced 

IT 

(31 

MaKtmum Temperature 
in Degrees F to which 
Incoming Combustion 
Air can be Preheated by 
Outgoing Clinker 

T-6o® + s8^ 

10 478 Lbs of 
Air per i Lb 
of Standard 
Coal Burnt 

W 

s« 



*F 

“C 

0 000 


60 

156 

0 065 

1538 5 


24 

0 411 

243 3* 

164 

73 

0 760 

*3* 58 

2S-’ 

122 

1 III 

90 00 

340 

I7I 

I 466 

70 13 

428 

220 

I 824 

54 82 

516 

269 

2 185 

45 77 

60s 

3*8 


39 *5 

694 

368 


34 30 

781 

416 


30 46 

872 

467 


30 12 

S81 

47* 


29 77 

891 

477 

3 395 

29 45 

899 

48- 


29 14 

910 

488 


2883 

917 

492 


28 51 

926 

497 

3 545 

28 21 

935 

502 


27 92 

944 



27 63 

953 

512 


27 35 

962 

5*7 


27 08 

970 

521 


26 80 

979 

526 


2653 


531 


26 27 

997 

536 


26 02 

1006 

54* 

3882 

25 76 

1015 

546 


25 52 

1024 



25 28 

1033 



•’504 

Z041 



24 80 

1047 



22 66 

1137 

614 


208s 

1226 

663 

5>8 i 

19 30 

2315 
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of the air remains steady at 2i5oo® F m the table, while the clinker produced 
per I Ib of coal burnt increases from lo 54 lbs of clinker to as high as 15 732 lbs 
of clinker, which is the theoretical maxitnum amount producible 

§ 8 This opens up another question Up to the point where the yield of 
clinker reached 10 54 lbs per 1 Ib of standard coal burnt, the coal is supplied 
with the requisite amount of air— namely, 10 478 lbs —needed for normal corabus 
tion, which IS preheated to the maximum temperature of 2,500° F b% the clinker 
But when the yield of clinker per 1 lb of coal increases bejond 10 54 lbs , the 
amount of outpouring clinker is sufficient to preheat more fftan 10 478 lbs of 
tncomtng air to 2,500° F So that it would in such a case be possible to supply 
the I lb of coal with more than the necessary 10 478 lbs of air preheated to 
2,500° F 

The exact weight of air which can be thus supplied is shown in the following 
table, No 111 

The weight of air is calculated from the equation 

weight of air X specific heat of air x rise of temperature degree of air 
= weight of clinker X specific heat of clinker x fall in temperature of clinker 

Taking the mean specific heat of the air between 60° and 2 500° F as o 2533 
and that of clmket as 0 2519 we get, if \V be the requited weight of air— 

Wxo 2533 X (2500 -60) “Weight of clmkerxo 2519 x (2500-60), 
which reduces to 

weight of air ■© 9945 x weight of chnker 
Table III 


Showing Weight of Air in Lbs which can be Prchcaled to i 500“ F by a Gtun 
Weight of Chnker 


Tons of Standard 
Coal Consumed 
per 100 Tons 
of Chnker 

Lbs of Clinker 
Produced per i Lb 
of Standard Coal 
Burnt of 

12 600 B Th U s 

Weight of Air *h ch 
can be Preheated to 

2 500“ F b 
(he Clinker 

0 994$W 

W eight of Air in Etcess 
of that Needed for 
Normal Combustion 1 
w hieh can be Preheated 
to a 5Co‘ F ly 
the Chnker 

0 104 s 



LU 

Lbs 

9 49 

10 540 

10 478 

0 000 


10 675 

10 620 

0 142 

9 13 

10 954 

10 896 

0 418 

1 8 qo 


II 178 

0 700 

8 68 


II 461 

1 0 983 


1 II 806 

II 744 

1 266 

8 27 

1 1 2 004 

12 028 

' * 550 

S 07 

12 386 

12 322 

I 844 


12 67s 

12 607 

2 129 

7 71 

12 972 

12 902 

2 424 

7 53 

13 271 

13 200 



13 575 

13 503 

3 025 

7 21 

13873 

*3796 

3 3*8 


14 *77 

14 100 

3 622 


14 48s 

14405 

3 927 

6 76 

14 793 

*4 7*3 

4 235 



i^ 028 

4 550 


1 15 4*4 

15 330 

4 852 

1 6 36 

t *5 732 

15649 

5 * ** 
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§ 9. Hence it appears that if a kiln were constructed so as to yield anything 
over 10.54 lbs. of clinker per 1 lb. of coal burnt (or 100 tons clinker per 9.49 tons 
of standard coal of 12,600 B.Th.U.’s per lb.), it would be possible to feed the coal 
with air in excess of that needed for normal combustion, all this air being pre- 
heated to the clinkering temperature of 2,500° F. (1,371° C.) by the .outgoing 
clinker; and when the theoretical limit of clinker production was reached (viz., 
100 tons clinker for 6.36 tons of standard coal, or 15.732 lbs. of clinker per i lb. 
of standard coal consumed), it would be possible under these circumstances to 
supply no less than 5.171 lbs. of excess air thus heated to each i lb. of coal con- 
sumed — a very large amount of hot air, for, since i lb. of coal only requires 

• ^171 

10.478 lbs. of air, the excess air would be — x 100 = 49.3 per cent, excess air 

10.47^ 

over that needed for normal combustion. 

§ 10. The question now arises ; Is there any advantage to be derived in thus 
feeding the kiln with great excess of air preheated to 2,500° F. (1,371° C.) by the 
outgoing clinker ? 

The answer is : Yes— if we only supply the normal amount of air, no increased 
yield of clinker will result whether this hot excess air be introduced either with 
the coal through the clinkering zone, or whether it be introduced at a later stage 
than the clinkering zone, and be used for preheating the slurry as it enters the kiln. 

But this excess of hot air would certainly have to be introduced into the kiln 
for heat economy, otherwise (i) it would not be possible to recover all the heat 
from the clinker and put it back into the kiln (this is the calculated weight of 
air which just achieves this purpose) ; (2) there would not be sufficient total 
heat supplied to the lower part of the kiln to carry out all the necessary operations 
of preheating the slurry and dehydrating the clay so as to yield 15.732 lbs. of 
clinker per i lb. of coal burnt. A heat balance in detail has been worked out 
which shows that this is the case : — 



T° = 5,37 o°F. 

T° = 1,481° F. 

10.478 lbs. air 

Clinkering and 
Decarbonating Zone. 

Dehydrating and 
Preheating Zone. 


A. 

B. 

preheated to 
2,500° F. 


/ 

^ 5-171 lbs. of air 
preheated to 
2,500° F. 


Suppose that the kiln is producing the maximum amount possible of clinker 
(see Chapter XIV.), namely, 15.732 lbs. of clinker per i lb. of standard coal 
burnt (of 12,600 B.Th.U.’s per lb.), and suppose that all the heat escaping with 
the clinker is restored to the furnace by 15.649 lbs. of entering air, which is 
thus preheated to 2,500° F., as shown in Table II. 

For convenience in following what will occur, we will allow the preheated air 
to enter in two portions, viz., 10.478 lbs. at A — the exact amount necessary for 
burning i lb. of coal — and the excess 5.171 lbs. of hot air at B. 

The 10.478 lbs. of air entering at A, and there uniting with 1 lb. of standard 
coal, will produce a theoretical flame temperature of 5,370° F., as shown in 
Chapter XII., and the 11.278 lbs. of furnace gas passing down the clinkering and 
7 
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decarbonating zone and issuing at 1^81“ F will produce m this zone (as sho\%-n 
in Chapter XIV ) 15 732 lbs of clinker as the result of decomposing 24 547 lbs 
of dry slurri If now the hot gases e\ohed m the formation of this weight of 
chnker be allowed to proceed down the kiln into the deh>drating and preheating 
zone, It can be easilj calculated that they do not contain enough heat to do the 
necessary work of preheating and deh>drating the slurrj before it enters the 
decarbonating zone Thus, if we allow the gases to escape from the kiln at 60® F 
—after having given up all their heat to the raw material— we will find 

(1) That the B Th U 's from ii 278 lbs of the gases of combustion sinking 

from 1,481® to 60® F are 4,628 

(2) That the B Th U 's from the COj from the slurry sinking from 1,481® to 

60® F are 2,925 

(3) That ihe B Th U ’s liberated from the water expelled from the kaolin arc 

699 5 

(4) That the B Th U ’s liberated from the water m the silica are 233 6 

Hence the total available heal from the gases is 

4628 + 2925 + 699 5 +233 6 = 8486 9 B Th U ’s 

But, as shown m Chapter IX , m order to preheat 24 547 lbs of sluriy from 
60° to 1,48:® F , we will re<iuire 10 265 B Tk U 's 

Hence there is not enough heat in the furnace gases to do this, and there is 
missing 

io265-8487»i,778BThU ’s 

So that what would happen unless this extra amount of heat was supplied 
to the lower part of the kiln, is that the cold undeh)drated and unpreheat^ raw 
slurr) would pass into the decarbonating zone, so that the heat used for expelling 
the COf from the calcium carbonate would now be utilised in preheating the 
slurry So that less calcium carbonate would be now decomposed, and this 
would reduce the clinker formed until finally the missing heat would be supplied 
to the lower zone at the expense of the upper zone, until equilibrium was once 
more obtained A decrease in clinker output, therefore, could only be avoided 
by allowing the extra 5 173 lbs of ho! air (preheated to 2,300® F ) to enter the pre 
heating zone at the point B This could supply 1,786 B Th U s in passing 
dowTi the kiln, and so supply the missing amount of heat and aJlo« a cJmker 
production of 15 732 lbs per 1 lb of coal to proceed continuously in the upper 
zone 

In other words, we have proved from the heat balance that under these special 
conditions the kiln must receive more hot air than corresponds to normal combus 
tion (10 478 lbs of air per i lb of coal) if the output of the kiln is to be kept up 

Of course, Che nef effect «ouW be the same tf ffieexcessof hot arr was aWoned 
to enter w ith the coal at A in the upper part of the kiln, instead of at B An 
initial increased output of clinker from the upper part of the kiln would be 
speedily brought down to the above figure on account of the gases not containing 
sufficient heat to effect the necessary preheating and dehydrating operations in 
the lower part of the kiln 

§ 12 Another important point which arises in connection with matter dis- 
cussed in §§ 10 and ii is this Would it be possible to increase the output of 
clinker by supply mg a kiln with air mcjrrejr of that normally needed for combustion 
(viz , 10478 lbs of air to i lb of standard coal), this air prehevted by the 
outcommg clinker m such a way that all the heat contained in the outpouring 
rlmker is restored to the furnace by the air ? 

It is proved below that the answer to this question is No, except in the very 
special case (discussed in §§ ro and ii above), where the } leld of clinker per i Ib 
of coal burnt is exceeding le 54 lbs. 
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CHAPTER XVII 

PROOF THAT THE CLINKER OUTPUT PER i LB. 
OF COAL BURNT IS GREATEST WHEN THE 
FLAME TEMPERATURE IS HIGHEST, AND 
THAT THE OUTPUT OF CLINKER MUST 
DIMINISH WHEN AIR IN EXCESS OF 10.478 
LBS. PER I LB. OF STANDARD COAL IS 
SUPPLIED TO THE KILN 

§ I . In Chapter XIV. we showed that the weight of clinker produced depends upon 
the quantity of heat Q contained in the gases of combustion evolved from the 
combustion of i lb. of coal, and that in general the higher the initial flame 
temperature, the greater the clinker output. 

In the whole chapter, however, it is assumed that the air supplied to the kiln 
is that necessary for normal combustion — viz., 10.478 lbs. of air per i lb. of 
standard coal consumed. 

§ 2. It is the purpose of this chapter to prove that any quantity of air supplied 
beyond 10.478 lbs. per i lb. of coal must necessarily diminish the clinker output 
e.xcept in one particular case, which so far has not been attained in practice and 
which will be discussed below. 

§ 3. To prove that ihe maximuvi output of clinker per i lb. of coal burnt is 
attained when 10.478 lbs. of air are supplied per i lb. of standard coal, and that 
any excess of air beyond this lowers the clinker output per i lb. of coal burnt. 

Assume the clinkering temperature of the material to be 2,500° F. and the 
temperature of the atmosphere to be 60° F. Let Wj lbs. of clinker be produced per 
I lb. of standard coal consumed when the air supply is the normal one of 10.478 
lbs. per I lb. of coal burnt. The weight of combustion gases produced is 11.278 
lbs. per I lb. of coal (see Chapter X.). Let t° be tlie temperature of the 10.478 
lbs. of entering air when it meets the coal. It is assumed that the W lbs. of 
outgoing clinker has given up all its heat to the incoming 10.478 lbs, of air, 
which would be the case in a perfect kiln. 

Hence / j" is always less than 2,500° F. 

Let be the flame temperature attained when the 10.478 lbs. of air at 
/j° F. unite with i lb. of coal. 

Let Si be the mean specific heat of the furnace gases between Ti and 1,481° F. 
— the temperature at which the CaCOj decomposes (see Chapter VII.). 

Then the B.Th.U.’s evolved when 11.27S lbs. of combustion gas sink from 
Ti° to 1,481° F. are 

Qi = ii.27SxSiX(Ti-i4Si) . . . . (i) 



17 2 CHFMICAI ENGINEFRING 


also the weight of chnker is given by (see Chapter XIV ) 

W,-- 

918 6 


( 2 ) 


Let Sj be the mean specific heat of the 1047S lbs of entering air between 
60® and /i® r and S, the mean specific heat of the chnVer between 2 500® 
and 60® F 

Then the temperature of the entering air is given by 

10 478 X SjX (/i - 60) =WiX S3 X (2500-60) (3) 

=2 6j6Q(XS, 
g 

whence 2535QiXg34.6o {4) 


Now let anadditional X Jbs ofairbe supplied to the kiln This air will come 
m cold because all the heal has been already abstracted from the chnker by the 


11 278 

LSS 

FURNACE 

CAS 



A” T2 


XLBS AIR 


10 478 lbs («o that /j IS kept unchanged while the otlier X lbs of air enters at 60® 
r ) Let the new flame temperature be Tg and the new mem specific heat of the 
furnace gas between T 1 and Tj be S j and let the mean specific heat of air between 
60° and T2 be Sj 

Then we have ii 278 lbs of furnace gas sinking from T^ to Tj will heal v lbs 
ol air from 60® to Tj 

So that II 37SX S4X (Tx-Tj5)«=XxSj x (T„-6o) 

or T2 (XxS6 + ii '’78xS4)=TiXII 278 xSi + 6oX x S5 


or 


T 278xS«xT2+6oXxSs 

* XxSs + ii 278x84 


( 5 ) 


We ha%e now 11 '’78 lbs of combustion gas at Tg® F and X lbs of air at 
T3® r and this mass of gas sinking from Tj® to I 481“ r will liberate an amount 
ot heat Q» which will he available for forming the new weight of clinker— 

Mr _ Q* lf,\ 
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Then we must show that the new amount of heat Q, evolved is less than the 
old amount Q^, in order that Wg may be less than W^. 

Now Q2 = 11.278 X Sfi X (Tg- i48i) + XxS,(T2- 1481), 

where Sg and Sj is the mean specific heat of the combustion gases and of air 
between Tj" and 1,481° F., 

or Q2=T2(ii. 278 X Sg + X X S7) - 1481(11.27880 + X . 87). 

Now substitute the value of Tj from (4) and we see 


and from (i) 


- 1481(11.27880 + X . 87 


Qj = ii.2788iT7-i48i(ii.278Si) . 
whence Q, -Q2 = T, (11.2788, - x ir. 278 x 8,) 

- 1481(11.2788,-11.27880) 


( 7 ) 

( 8 ) 


+ 1481X . 87 - 60X 


0. 11.27880 + X . 87 
■ ®ii.27884 + X . 85' 


8,, 82, S3, 84, 85, Sg, and 8,— the specific heats of the air, combustion gases, 
and clinker at temperatures above 1,481° F. — are all very nearly equal. 

Whence, putting 81 = 82 = 83 = 84 = 85 = 80 = 87 = 0.3, we get 

Qi-Q2 = I42iX . Sj. 


Now 8,, the specific heat, is essentially a positive number, and X, the excess 
air, added to the 10.478 lbs. can only vary from o to a positive number. 

Hence Q 1 - Q2 > a positive number. 


or Qi>Q2- 

Consequently, Qj is always less than Q, when X is greater than zero. 


But 

Wo- ... 

918.6 

■ • (9) 

and 

Wi = -%- 
^ 918.6 

• (10) 

Hence 

Wi>W2 whenever X is greater than 0. 


Substituting in 

( 7 ) 



Wi-W,=^lHxXxSi . 

“ 9186 

■ (II) 
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Now, taking as approximately o 3 for high temperatures, we get 
i4«xo3 3^ 

918 6 

Wj -W«=o 46X approximatelj (12) 

or W,-W,-o 46X (12a) 

which shows that m general the greater is X— the excess air oier 10 478 lbs — 
the greater is the loss in clinker output This prmes the proposition 

Of course, (12) is on!> an approximate formula, but is useful m approximately 
calculating the diminution of output m cimker caused by increasing the air 
supply For ordinary kilns — when the flame temperature is onlvabout 2,600® F — 
Si may be taken as o 252, 
whence \Vi-\Vj-o4X, 

or Wj \V1-04X 

§ 4 Hence, so long as the temperature of the entering air heated by the 
chnker — is Maw the cltnkermg temperature 2,500“ F , the clinker output js 
greatest when \ = o, ? e , when only 10 478 lbs of air are supplied per i lb of 
standard coal 

But under these conditions it was proved in Chapter \IV that the clinker 
output ts greater the higher the flame temperature So that we ha\e amied at 
a conclusion of vital importance in kiln design, namely — 

The higher the flame temperature attained in the clinkering zone, the greater 
the potttble output of clinker per i Ih of coal burnt 

By no possible manipulation (such as introducing excess of air) is it possible 
to reduce the flame temperature in the cltnkermg zone without simultaneously 
reducing the chnker output per \ lb of coal burnt 

A greater weight of colder furnace ga> will neaer proae so efficient m producing 
clinker as a smaller weight of \ery hot gas 

§ 5 On account of the icry great practical importance of the ubose principle 
we Will work out m detail some examples showing the decrease m clinker output 
which follows an increase in the supply of air beyond to 478 lbs per i lb of coal 
burnt 

Example — In a perfect kiln using 10 478 lbs of air per \ lb of eoal and 
producing 9 311 lbs chnker per i lb of standard coal fired, the temperature of 
the entering air (^preheated b) the chnker so at to abstract all its heat) »r 2 236® F 
ana't'/ie flame I'emperai'ure ts 3,916® A* 

Trace the effect on the clinker output if the air supply is increased from 10 478 
to 13 478 lbs per i lb of coal 

Here X = 3 lbs (=weight of air m excess of 10 47S lbs ) 

Wi = 9 311 

Hence from equation (12) 

W,=W,-o 46X 
-9311-046x3 
= 9311-1 380 7 931 lbs 

So that the effect of increasing the air supply by 3 lbs per i lb of air would 
be to dimmish the clinker output from 9 3 to 7 9 lbs 

Let us now check this result by earning the calculation through from first 
principles The flame tempierature when only xo 478 lbs of gas are present is 
3,916® F The B Th U 's etohed when it 278 lbs of combustion gas sink from 
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3,916° to 1,481° F. is 8,553 B.Th.U.’s, corresponding to the clinker weight of 
9.31 1 lbs. per 1 lb. of coal burnt. 

On now adding 3 lbs. of cold air to the entering air (making 13,478 lbs. of 
air in all) we must have 11.278 lbs. of furnace gas sinking from 3,916° F. to the 
new flame temperature T°, heating 3 lbs. of air from 60° to T°. 

Taking the mean specific heat of air between 60° and 3,000° F. as 0.2583, and 
taking the mean specific heat of the furnace gas between 60° and 3,000° F. as 

0. 3053, then we have 

11. 278 X 0.3053 X (3916 -T) = 3x0. 2583 X (T-60), 

or T = 3,208° F. as the new flame temperature of the diluted mass of gas. 

The mean specific heat of the combustion gas between 1,481° and 3,208° F. 
is 0.3018° F., and that of air under the same circumstances is 0.275. 

Then we have 11.278 lbs. of combustion gas at 3,208° F. +3.0 lbs. of air at 
3,2oS° F. sinking to 1,481° F.— the temperature at which the CaCOa decomposes 
— will evolve 

11.278x0.3013 X 1727 +3 X 0.275 X 1727 =^7,293 B.Th.U.’s, 
which are available for clinker formation under the new circumstances. 

So that the new amount of clinker formed will now be lbs. 

918.6 

In other words, the addition of 3 lbs. of air to the 10.478 lbs. entering the 
kiln per i lb. of coal burnt has lowered the clinker output per 1 lb. of coal fired 
from 9.311 to 7.93 lbs. This thus checks our former result. 

§ 6 . Exceptional case lohen the temperature of the incoming air is preheated 
to 2,500° F. {the clinkering temperature) by the clinker, and when the kiln is 
producing over 10.54 ^bs. of clinker per 1 lb. of coal burnt. 

In Chapter XVI., §§ 7 and 8, it was shown that, if a kiln was constructed so as 
to )'ield anything between 10.54 and 15.732 lbs. of clinker per i Ib. of coal burnt 
(or 100 tons clinker per 9.49 to 6.36 tons of standard coal of 12,600 B.Th.U.’s per 
1 lb.), it would be possible to feed the coal with air in excess of that needed 
for normal combustion (viz., 10.478 lbs. air per i lb. of coal), all this air being 
preheated by the clinker to 2,500° F. (1,371° C.) (the clinkering temperature) 
by the outgoing clinker, and when the theoretical limit of clinker production 
was reached (viz., 100 tons of clinker for 6.36 tons of standard coal consumed, 
or 15-732 lbs. of clinker per 1 lb. of .standard coal consumed), it would then be 
possible under these circumstances to supply no less than 5.171 lbs. of excess 
air thus heated to each 1 lb. of coal consumed — a very large amount of hot air, 
for, since 1 lb. of coal only requires 10.478 lbs. of air, the excess air would be 

5.171 

.5 — ^ — X 100 = 49.3 per cent., 

10.478 

1. e., nearly 50 per cent, in excess of that needed for normal combustion. The 
reader should consult §§ 5, 6, and 7 of Chapter XVI. 

§ 7. It was shown in Chapter XVI. that under the above circumstances, if 
the supply of hot air to the kiln was restricted to 10.478 lbs. per i lb. of coal, the 
kiln could only produce 10.54 IBs. of clinker. But if the supply of hot air was 
gradually increased from 10.478 to 15.649 lbs., the output of clinker would like- 
wise increase from 10.54 to 15.732 lbs. per i lb. of coal bur 7 tt. 

Hence this fact seems at first sight to contradict the conclusion of § 3 — that if 
the air supply be increased beyond 10.478 lbs. per i lb. coal, the output must 
diminish. 
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§ 8 A closer examination of the theory, however, will show that this case 
IS also included m the general tme, consistent with the restriction of the value 
of (the temperature of the incoming air as preheated by the outgoing clinker 
to the point where it abstracts all the heat from the clinker) to 2,500® F , since 
no matter how much clinker is produced, the clinker cannot preheat the air to 
above 2,500® F , as this would mean that the air can be made hotter than the 
outgoing heating material, which is contrary to the second law of thermodynamics 
Consider now equation (3) of § 3, on which the above theory was built up 



We have the following relationship for the temperature / to which the gi\en 
weight of air can be preheated by the outgoing clinker — 



^j'n-EigitofoutEomgi i-Jfeans^ifcAeatofj iVall ra temperature i 


= •< clinker per I lb 
I of coal 


cl inker between 
[ 60® and 


Heat or 1 p 
een • x t 

.“F® ) i 


r 


or, if X be the weight of air in lbs in exeeis of the normal weight 10 478 required 
for the combustion of i Jb of coal, and W be the weight of clinker produced per 
I lb of coal burnt— 


{ Mean speaficheat) 

of air between > x (/— 6o)=Wxo 2519 x (2500-60) (i) 

60° and f ] 

Now when the weight W of clinker reaches 10 54 lbs per 1 lb of coal burnt, 
we have seen that /=2,5oo® F (see Chapter XVI , § 3), and specific heat of air 
between 60° and 2,500® F becomes o 2533 
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So that (i) reduces itself to 

(10.47S + X) X 0.2533 ^ (2500 -60)= W X 0.2519 X (2500-60), 
or the factor (2500 - 60) cancels out on both sides, and we get, so long as t = 2 ,500° F. 

10.478 + X=o.9945W (2) 

This shows that,ro long nr /= 2,500° iJ'.,thc weight W of the clinker will steadily 
increase with X— the weight of excc.ss air. For example, if 


X = o, 

W - = 10.54 lbs. of clinker. 

0-9954 

X = i, 

W-”- 47 S_„ 

0.9954 

>> 

>> 

X = 2, 

12.478 

W = — z 4 _=i 2.5 
0-9954 

>> 

1 f 

X = 3 , 

W_i 3 . 47 S_^, . 
0-9954 


)f 

X= 4 , 

0.9954 

>» 

i } 

X = S.i 7 i, 

15.649 

0-9954 

>> 

li 


(See Table III., Chapter XVI.) 

But equation (2) is subjected to another restriction as well. W cannot exceed 
15.732 lbs. of clinker per r lb. of coal burnt (see Chapter XIV.) on account of 
the heat necessary to form the clinker and decompose the CaCOj. 

Hence the excess air X can only range from o to 5.171 lbs., and within these 
limits thej’/V/i/ of clinker IF per i lb. of coal burnt will increase from 10.54 to 
15.73 'bs. per I lb. of coal burnt. 

If X increases beyond 5.171 lbs., then the former law will come into operation 
and the clinker output will again begin to decrease with X. 

It will be seen, therefore, that the new relationship holds only for the very 
special case for the brief range when the temperature of the incoming air is heated 
to the clinkering temperature 2,500° F. by the outgoing clinker, and is a direct 
consequence of the second law of thermodynamics — viz., that the air cannot be 
heated to a higher temperature than 2,500° F. by clinker issuing at 2,500° F. 

§ 9. From the preceding article it is clear that when the air supply increases 
beyond certain limits, the value of Q diminishes. It will be remembered that Q 
is the amount of heat available for clinker formation contained in the furnace 
gases above 1,481° F. It is, therefore, of interest to examine the values of X 
for which Q will become zero — /.<?., when clinker will cease to be formed when the 
excess air exceeds certain limits. 

The calculations will be much simplified by assuming that the specific heats 
of the clinker, hot air, and furnace gases are all equal to each other. This is 
sufficiently correct not to give misleading results. We will also take this specific 
heat to be equal to 0.30, as in most cases the gases are at a high temperature. 

Let /° F. =the initial temperature of the air at the point where combustion 
commences. 

T° = the flame temperature when the air is at F . 

X = weight of air added (in lbs.) in excess of that needed for normal 
combustion. 

S =mean specific heat of gases between F and T° F. =0.30. 
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Then ri •’7S lbs of combustion gas+ \ lbs of excess air at F are raised 
to T® F by i-» 600 B Th U ’* deaeloped bv the combustion of i lb of standard 
coal 
Hence 

Weight of Specific „ Riseof _ B Th U ’s Availahle 

Cii Hot TeiDpeiaJure for lleaung 

(11 278 + X) X 03 X (T-/) = 12,600, 


or 


T 


1- 600 

(11 278 + X)xo3 




(t) 


The quantity of heat Q axailable for clinker formation is obtained bv 
(11 278 + X) lbs of hot gas sinking from T® to 1,481° F (the temperature of 
decomposition of the CaCO J 


Hence Q (11 •»7S + X) xo 3x(T- 1481) B Th U ’s (2) 


Von, substituting the \alue of T from (i), we get 

Q 7589 19+8 3834/+03X/ *-444 (3) 

Now take the mean specific heat» of the air and clinker between 60° and 
3,500* F as being equal to each other and equal to 0 25 which is nearly true 
(see § 3 Chapter XVI ) 

Tlien 


Weight of „ 
Clmlcer ^ 

III 

Weight of Specific 

Rise of 

X Temperature 
^Air 

or — ^ X 
918 6 

0 ’5 X 

(2500-60) “ (10478 + X) X 035 

X (/ — 60), 

which gites 


io 478 + \ 

U) 

N ow , substituting this 

value of /in (3) we get 




^ .81647 +3325X -426\* 

(s) 



^ I 492 + 0 2032 X 


From (5) we see that there are two >nlues of \ which reduce Q to zero, these 
%'ilues being the roots of the quadratic equation 


426\* - J325X -81647 “O. 

whence X<= 4-183 lbs nearlj orX>=-io5lbs nearl) 

In other words, if the normal air supply of 10 478— sa) , 10 5 lbs —of air per 
I lb of coal IS increased b) i8 3 lbs .making 10 5 + 18 3 = 28 8Ibs ofairsupplied 
per I lb of coal, we would so reduce our flame temperature to nearly 1.481° F 
and so render it impossible to form clinker (see Chapter XIV ) as this is the 
temperature of decomposition of the CaCOj 

On the other hand if we diminished our normal air supply b> to 5 lbs (1 e , 
from JO 5 lbs per 1 lb of air to lo 5 — 10 5=0 lbs ), we would also stop clinker 
formation because the air supph would fail 


§ 10 Let us examine equation (5) m § 9 more carefulli 


Here 


^ _ 81647 +33^5'^ - 4^6'^* 

” I 492+0 2032\ 


(s) 
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Put X = o. Then Q = S4, 723 B.Th.U.’s. ^^Tlat does this mean ? On arriving 
at (5) it will be recollected that the values of i were left absolutely unrestricted, 
whereas in practice the values of / are restricted by the laws of thermodynamics 
to under 2,500° F. The equation (5) simply asserts that if the second law of 
thermod}Tiamics did not hold, and the heat from the outgoing clinker could be 
employed in heating the incoming air above 2,500° F., it would be possible 
to so preheat the furnace gases as to make them yield 54,723 B.Th.U.’s per i lb. 
of coal burnt, and so produce 54,723 -r 918.6=56.6 lbs. of clinker per i lb. of coal 
burnt. By putting in various other values of X we could obtain how much 
clinker can be produced under these circumstances by different weights of c.xccss 
air. As these cases are impossible of realisation under any natural conditions, 
they will not be further discussed here. 

§ II. The subject, however, has a practical aspect, in that it tells us what 
cannot be done in kiln design, and what are possible measures for increasing 
output. 

Consider, for example, the following verj- important point for kiln design 

As proved above, air entering a kiln and preheated to 2,500° F. by the issuing 
clinker cannot produce any more clinker than 15.732 lbs., even under the most 
favourable circumstances. Otherwise we could increase indefinitely the output 
of a kiln by first suppl)'ing it with a little more air preheated to 2,500° F. by the 
clinker. This will produce by supposition a little more clinker, which could in 
its turn be utilised to preheat a little more air to 2,500° F., which again on intro- 
duction into the furnace would produce more clinker, and so on indefinitely. So 
that at first sight it might appear that it would be possible to increase indefinitely 
the amount of clinker per i lb. of coal consumed by supplying more and more hot 
air. This, we have proved above, is impossible. \\Tiat does happen is that the 
increase of clinker with increased supply of hot air (heated by the outcoming 
clinker) tends to a limit which cannot be passed, and when the amount of air 
is increased beyond these limits, the clinker output begins to rapidly diminish. 
All devices, therefore, for increasing the efficiency of a kiln based on such false 
premises must fail. 


Conclusion 

§ 12. The vital importance of the preceding thermodjmamical proofs lies in 
this : — 

A high fla 7 ne temperature is essential for increased kiln economy per i lb. of 
coal burnt. 

In the modern rotary kiln the flame temperature is inordinately low at 2,600° F., 
and owing to this fact the rotaiy kiln is extremely inefficient. Unless the flame 
temperatures can be increased, the limits set to kiln economy are narrow. 

Consequently, the attention of kiln designers should be directed towards supply- 
ing as much high-grade heat as possible into the upper part of the kiln — viz., the 
clinkering and decarbonating zones. Low-grade heat (such as is used in e.xpelling 
water) is useless for increasing output of clinker, except in so far as it relieves the 
high-grade heat of certain work that it should never be allowed to perform, such 
as the e.xpulsion of water from the slurry'. 

•The same principle is evident in many' familiar processes. For example, 
water boils at 212° F., and if we wish to produce steam at any perceptible pressure, 
the B.Th.U.’s must enter the water from gases heated above 212° F. (100° C.). 

A million B.Th.U.’s contained in material below 212° F. are useless for raising 
steam at pressure greater than atmosphere. All this low-grade heat can do is 
to preheat the 'water to 212° F. and so take the burden ojf the higher-grade heat 
for this purpose. 

Similarlv, in lime-burning 'Ceai calcium carbonate could be heated foryt’iirr to, 
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sa\, r,ooo® F without producing i Ib of lime Unless the heit supplied 
above 1,481'’ F (805® C ), lime will not be produced, and the measure of the 
amount of lime producible is measured by the number of B Th U ’s available 
m the heating gases before they eool to 1,481® F (805® C ) 

Practical Difficulties —There are however.verj serious practical difficulties 
to contend vvithm increasing the flame temperature in the upper part of the kiln 

In the first place, the brickwork will onl) stand a fairly narrow limit of tempera 
ture, so that widelj increasing the temperature will cause the brickwork to fail 
Also the firing of coal dust with verj hotair causes difficulties owing to the rapid 
combustion 

These difficulties can be got over »n several wa)s- — 

(1) B} increasing the refractory nature of the bnck 

(2) Bj scientificalli designing the shape of the chnkenng zone so as to utilise 

the known principles of radiation and conduction 
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CHAPTER XVIII 

WEIGHTS OF DRY SLURRY USED AND WEIGHTS 
OF CARBON DIOXIDE AND MOISTURE 
EXPELLED THEREFROM IN PRODUCING 
DIFFERENT WEIGHTS OF CLINKER 


In Chapter XIV. we calculated the weight of clinker producible per i lb. of standard 
coal fired in the upper part of the kiln using different flame temperatures. In 
order to calculate the exit temperatures and of the resulting combustion gases 
and the heat balance of the kiln it is necessary to calculate the amount of dry 
slurry, expelled COj, water, etc., appertaining to the various amounts of clinker 
produced. This we will now proceed to do from the data given in Chapter IX. 

1. Calculation of Weight of Dry Slurry which Produces to a Given 
Weight of Clinker.— In Chapter IX. it was shown that loo lbs. of clinker 
were produced from 156.03 lbs. of dry slurry. 

So that vV lbs. of clinker are produced by 1.5603.V lbs. of slurry. 

In Chapter XIV. a table was given (Table I.) showing the number of lbs. of 
clinker theoretically producible per i lb. of standard coal fired in the kiln. By 
multiplying the number of lbs, of clinker shown therein by the factor 1.5603 
we obtain the weight of slurry from which it was derived, as shown in column (3) 
of the annexed Table I. 

2. Calculation of the Weight of Carbon Dioxide Gas Evolved from the 
Slurry when Producing a Given Weight of Clinker. — In Chapter IX. it 
was shown that in the production of 100 lbs. of clinker 52.38 lbs. of COQwere 
expelled from the slurry. 

So that in the production of x lbs. of clinker there were expelled 0.5238 lbs. of 
CO2. 

in Chapter XIV. a table was given (Table I.) showing the number of lbs. of 
clinker theoretically producible per 1 lb. of standard coal fired in the kiln. By 
multiplying this weight of clinker by the factor 0.5238 we derive column (4) 
of the annexed Table I., which shows the weight of carbon dioxide evolved from 
the slurry when this weight of clinker is formed in the kiln. 

3. Calculation of the Weight of Combined Water Expelled from the 
Kaolin in the Dry Slurry during the Production of a Given Weight of 
Clinker. — From the data given in Chapter IX. it is shown that to every 100 lbs. 
of clinker produced 2.57 lbs. of combined water are expelled from the kaolin 
in the slurry. Hence the weight of water expelled from the kaolin during the 
formation of x lbs. of clinker is formed by multiplying x by the factor 0.0257. 
In this way is derived column (5) of the following table. 

4. Calculation of the Weight of Combined Water Expelled from the 
Hydrated Silica in the Dry Slurry during the Production of a Given 
Weight of Clinker.— In Chapter IX. it was shown that in the production of 
100 lbs. of clinker i.o8 lbs. of combined water were expelled from the hydrated 
silica contained in the slurry. Hence column (6) of the annexed Table I . is derived 
by multiplying the weight of clinker in lbs. by the factor 0.0108. It sho\ys the 
weight of water expelled from the silica during the production of -v lbs. of clinker. 
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Table I 

Lbs of Dry Slurry Used and Lbs of Carbon Dioxide and Moisture Liberated 
therefrom tn Producing Different Weights of Clinker Expressed in Lbs 


(0 

Lbs of Cl nkcr 
Produced 
per LI 
of Standard 
Coal 

WLbs 

(2) 

Equivalent 
Weight of Dry 
Slurrj per i Lb 
of Standard 
Coal 

W X l 5603 Lbs 

(3) 

Lbs of CO, 
Evolved 
from the 
Slurry 

WxosisSLb 

(4) 

Lbs of Combiner 
Water Expelled 
from the Kaolin 
in the Dry 
Slurrv 

W xo 0257 Lb 

<5) , , 

Lbs of Lornbineu 
Water Expelled 
from the H)drated 
Siliea in the 
Dry Slurry 
\\ xo 0108 Lb 

15 732 

24 547 

8 240 

04043 

0 1699 

IS 414 

24 050 

8 074 

0 3961 

0 1663 

15 102 

23 564 

7 9'0 

0 3881 

0 1631 

14 793 

23 081 

7 748 

0 3802 

0 1598 

14 485 

22 601 

7 587 

0 3723 

0 1564 

14 177 

22 120 

7 426 

0 3643 

0 1531 

13 873 

21 646 

7 267 

0356s 

0 1498 

13 57S 

21 181 

7 110 

03489 

0 1466 

13 271 

20 707 

6951 

0 341J 

0 1433 

12 972 

20 240 

6 795 

03334 

0 140I 

12 67s 

19 777 

6639 

03257 

0 1369 

12 386 

19326 

6 488 

03183 

0 1338 

12 094 

18 S70 

6335 

0 3108 

0 1306 

11 806 

18 421 

6 184 

0 3034 

0 1275 

II 522 

17 97S 

6035 

0 2961 

0 1244 

11 239 

17 536 

5887 

0 2888 

0 1214 

10 954 

17 092 

5 738 

0 2815 

0 Ii8j 

10 675 

16 656 

5 592 

0 2743 

0 1153 


16 222 

5446 

0 2672 

0 1123 

10 I2S 

15 798 

5 3®3 

0 2603 

0 1094 

9 849S 

15368 

5 159 

02531 

0 1064 



5 oj8 

0 2462 

0 lojS 

9 311 

14 538 

4 877 

0 2393 

0 1006 


14 II3 

4 738 

0 2325 

0 0977 

8 785 

13 707 

4 602 

02258 

0 0949 

S 680 


4 547 

0 2231 

0 0937 

8 408 

ij up 

4 404 

0 2i6r 

0 ogoS 

7 984 

12 457 

4 iS’ 

0 -052 

0 0S62 


IT 81I 

3 96s 

0 1945 

0 0818 


II 180 

3 7S3 

0 1841 

00774 

6 761 



0 1738 

00730 


9 922 

3331 

0 1634 

0 0CS7 


9304 

3 123 

0 1532 



8 6SS 

2 917 

0 1431 

0 0601 

5 181 

8 084 

2 714 

0 I33-' 



748’ 

2 Jt2 

0 1232 



6 886 


0 1134 



6 291 

2 It-* 

0 1036 

0 043s 


6 230 

2 091 

0 1026 

00431 

3 956 

6 173 

2 072 

0 1017 





THE CEMENT ROTARY KILN 


i8. 


Table I. — {Continued) 


Lbs. of Clinker 
Produced 
per I Lb. 
of Standard 
Coal. 

W. Lbs. 

(2) 

Equivalent 
Weight of Dr>’ 
Slurr)’ per i Lb. 
of Standard 
Coal. 

W X 1.5603 Lbs. 

( 3 ) 

Lbs. of COj 
Evolved 
from the 
Slurry. 

W X 0.523S Lb. 

(4) 

Lbs. of Combined 
Water Expelled 
from the Kaolin 

1 in the Dry 

1 Slurry. 

W XO.D257 Lb. 

(.s) 

Lbs. of Combined 
Water Expelled 
from the Hydrated 
Silica in the 

Dry Slurry. 

W xo.oioS Lb. 

3-919 

6.115 

2-053 

( 0.1007 

0.0423 

3.SS2 

6-057 

2-033 

0.0998 

0.0419 

3 -843 

5-996 

3-013 

O.Og88 

0.0415 

3.806 

5-939 

1.994 

0.0978 

0.041 1 

3-769 

5-881 

1.974 

0.0969 

0.0407 

3-731 

5.821 

1-954 

0-0959 

0.0403 

3-693 

5-762 

1-934 

0.0949 

0.0399 

3-656 

5-704 

1-915 

0.0940 

0.0395 

j.6jp 

5-647 


o.og^o 

o.osgi 

3-582 

5-589 

1.876 

0.092 I 

0.0387 

3-545 

5-531 

1-857 

0.091 I 

0.0383 

3-507 

5-472 

1-837 

O.O901 

0.0379 

3-469 

5-413 

I. Si 7 

0.0892 

0-0375 

3-432 

5-355 

1-798 

0.0882 

0.0371 

3-395 

5-297 

1-778 

0.0873 

0.0367 

3-359 

5-241 

1-759 

0.0863 

0.0363 

3-320 

5-180 

1-739 

0.0853 

0.0359 

3-283 

5-129 

1 .720 

0.0844 

0.0355 

2-915 

4-54S 

1-527 

0.0749 

0-0315 

2-549 

3-977 

1-335 

0.065s 

0.0275 

2.18s 

3-409 

1-145 

0.0562 

0.0236 

1.824 

2.846 

0-955 

0.0469 

0.0197 

1.466 

2.287 

0.768 

0-0377 

0.0158 

I. Ill 

1-733 

0.582 

0.0286 

0.0120 

0.760 

1. 186 

0.398 

0.0195 

0.0082 

0.411 

0.641 

0.215 

O.O106 

0.0044 

0.065 

O.IOI 

0.034 

0.0017 

0.0007 

0.000 

0.000 

0,000 

0.0000 

0.0000 




CHAPTER XTX 


CALCULATION OF THE EXIT TEMPERATURES 
OF THE GASES FROM A PERFECT ROTARY 
KILN, USING INCOMING AIR PREHEATED 
TO DIFFERENT TEMPERATURES BY THE 
OUTGOING CLINKER, NO EXTERNAL OR 
INTERNAL RADIATION LOSSES OCCURRING 

§ I. Although a perfect rotary- kiln is unattainable in practice, it is important 
to knovr the conditions which would prevail in a perfect kiln, as in that way we 
can ascertain how far the kilns actually in use fall short of the ideal, and what 
are the precise limits to possible improvement in any given particular. 

§ 2. We must now define what we mean by a perfecl cement rotary kiln. 

In such a kiln : — 

(a) No radiation losses will occur. 

(i) All the heat is commimicated to the raw material by conduction and 
convection of the hot gases produced in the kiln by the combustion of 
coal. 

(c) The gas leaves the decarbonating zone at 1,481° F., being at the same 

temperature as the raw material all the way down the kiln, so that the 
interchange of heat between the gas and raw material is perfect. 

(d) The slurry is diy, no mechanically mixed water being present. 

(e) The weight of air used per i lb. of standard coal (of 12,600 B.Th.U.’s 

per lb.) is 10.47S lbs., as shown in Chapter X. 

(y) The weight of the combustion gas produced per i lb. of standard coal 
is 11.27S lbs. and the composition is that shown in Chapter X. 

(g) The maximum temperature to which the incoming air can be heated by 
the outgoing clinker is 2,500° F. (r,37i° C.), which is taken as the 
clinkering temperature. 

(k) The temperature of the external atmosphere is taken as 60° F. (15.6° C.). 

§ 3. With these premises we will now proceed to calculate the conditions 
regulating the temperature of the exit gas when the air is preheated to different 
temperatures by the outgoing clinker. 

This can only be done by- calculating a scries of heat balances, taking the 
passage of the combustion gas right down the kiln from the hot end to the cold 
end. This we will now proceed to do. 

§ 4. Let us take the simplest case first, and suppose that the air entering the 
kiln is not being preheated at all by the outgoing clinker, as shown in Fig. i. 

Hence the 10.478 lbs. of cold air at 60° F. meet with i lb. of coal dust, which 
bums, and as no radiation losses of any kind occur, there are generated 11.27S 
lbs. of combustion gas at a flame temperature of 3,769° F., as was explained 
in Chapters X., XI., and X\T. 

8 
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This gas then travels through the clinkermg and decarbonating zone of the 
kiln, and escapes from the latter at atemperature of i 481® F , after having given 
up to the raw material in these zones 7,972 B Th U 's 

As shown in Chapter XIV .these 7,972 B Th U ’s will produce inthechnkenng 

zone --Jv =8 680 lbs of clinker 
978 6 

As shown m Chapter XVIII (see also Chapter IX ), this weight of clinker is 
produced from 13 543 lbs of dry slurry, and there is expelled therefrom 4 547 lbs 
of COj at 1,481® F , also 0 2231 lbs of HgO from the kaolin (at 1,472° F ), and 
0 0937 lb of HjO from the hydrated silica (expelled at 752* F ) 

"niese hot gases now pass down the Liln and out of the decarbonating zone into 
the dehjdrating and preheating zone, and finally escape at cold end of the kiln 
at an exit temperature T, which in this particular case is known by a preliminary 
calculation to be 212° F In passing doivn the kiln these gaseous products yield 


3769'‘F 


AIR AT60“f 


I Cltnkering and 
Decarbonating 
2 one 


CUINKER^<U 

AT2600V/^ 


l4ai®F 

Dehydrating and 1 
Preheating zone 

1 Dry 

I I slurry. 


Fio I 

up their heat to the raw material, and the quantities of heat thus liberated may 
be calculated as follows — 

(a) The heat evolved by ii 278 lbs of combustion gas sinking from 1,481“ 
to 212° F 18 

II 278x0 26iox(i48i -212) 3785 4 B Th U s 

(i) The heat evolved by the 4 547 lbs of COj evolved from the slurry sinking 
from 1,481° to 212* F is from our heat tables — 

4 S47(36o9”-37 483)->47o63 B Th U s 
(r) The heat evolved by the o 2231 lb of HjO vapour evolved from the kaolin 
ati,472°F and sinking te> 21a* F without condensing to liquid is fromourheat 
tables — 

0 2231(691 779-84 256)“I3S 54 B Th U s 
(</) Heat evolved by the o 0937 lb of HjO expelled from the li>drated silica 
at 752° F (400° C ) and sinking from that temperature to 212* F without con 
densing to water will be 

O 0937(336 257-84 256) “23 61 B Th U 

(e) Heat evolved bv v lbs of steam in the furnace gases condensing to liquid 
water at 212° F , depositing on the cold dry slurry entering the kiln at 60° F , 
and further cooling from 212° to 60° F in contact with the slurry, is 
*{970 7 + 212 — 607 = 1122 jox B Th U 's 
Now, obviously — 

Heat ev olved by furnace gases and steam passing down the kiln =heat absorbed 
in heating the 13 543 lbs of slurry from 60° to i 481° F tthe temperature at 
which the latter enters the decarbonating zone) 

=weight of clitikerx652 $ (see Chapter IX ) 

-8 680x652 5 5663 7 B Th U 's 
Hence we have the following equation — 

3735 4 + 1470 63 + 165 54 + 23 6i + 1122 70X-5663 7, 

OP 21=0 266 lb of water 
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Hence in this case the furnace gases pass away at 212° F., carrying with them 
the bulk of the steam, but depositing 0.266 lb. of water on the cold incoming 
dr}' sluri}', which it helps to preheat to 212° F. 

All the heat in the outgoing hot clinker is wasted, since none is supposed to 
be restored by tlie incoming air. Since the S.6S0 lbs. of clinker fall away from 
the kiln at 2,500° F. and finally cool to 60° F., and since the mean specific heat of 
the clinker between 60° and 2,500° F. is 0.2519, the amount of heat lost is 
S.680X 0.2519 X (2500 -60) = 5,335 B.Th.U.’s. 

§ 5. Now let us consider the case when the incoming air is preheated by the 
outcoming clinker to ioo° F., ail other circumstances being the same as in § 4. 

Then, as shown in Chapter XII., Table III., the flame temperature of the 
11.27S lbs. of combustion gas will be 3,794° F., and the respective quantities of 
the various components formed in the kiln will be (see Chapter XIV., Table I., 


and Chapter XVIII., Table I.) 

Clinker 8.785 lbs. 

Dr}' shiny 13.707 „ 

COo evolved from slurry at 1,481° F. . 4.602 ,, 

HoO c-xpelled from kaolin at 1,472° F. . 0.2258 lb. 

HoO expelled from silica at 752° F. . 0.0949 ,, 


On repeating tlie preceding calculation wc arrit'c at the following result 

The furnace gases still pass away from the kiln at 212° F., but more water, 
amounting to 0.3093 lb., is deposited on the dry entering shirr}', leaving 0.4594 
Ib. of water to pass away as steam. 

The S.7S5 lbs. of clinker produced in passing away from the kiln and falling 
in temperature from 2,500° to 60° F. carry away with it 

8.785 X0.2519 X (2500 -60) = 5,400 B.Th.U.’s. 

The 10.478 lbs. of entering air are supposed to be preheated to 100° F. by this 
hot clinker, and so restore to the furnace 96.5 B.Th.U.’s, which amount to 1.8 per 
cent, of the heat in the clinker. 

,§ 6. On repeating a succession of these calculations for air preheated to 
different amounts we get a scries of results from which the table on p. 19.4 is 
compiled. On studying this table the following facts appear 

(1) VTien the entering 10.47S lbs. of air per i lb. of coal are preheated by the 
issuing clinker from anything between 60° and 500 °F., the exit temperature 
keeps steady at 212° F. owing to the fact that the gases are condensing their steam, 
which separates first as boiling water, and serves to preheat the cold entering 
dr}' slurr}'. 

(2) VTicn the clinker preheats the entering air to a higher temperature than 
500° F., the temperature of the exit gases steadily decreases (all their water having 
been condensed) until, where the entering air attains a temperature of 1,100° F., 
the exit temperature of the gases falls to 60° F. and the gases issue from the kiln 
at the temperature of the external atmosphere, having given up all their available 
heat to the entering raw material. 

(3) When the entering air is preheated above 1,100° F., the heat from the hot 
gas is absorbed so completely in producing clinker that the 11.278 lbs. of com- 
bustion gas produced per i lb. of coal do not contain sufficient heat to issue 
from the kiln even at 60° F. So that in this case the entering dry slurry must 
be preheated to a temperature ranging from 77° F. (when the entering air is at 
1,100° F.) to a temperature as high as 402° F. (when the entering air is 
at 2.500° F.). 

In this connection see also Chapters XVI. and XVII., where the case is 
discussed in detail. 

§ 7. These conclusions at first sight seem contrar}' to common sense, since 
one would naturally expect that the higher the temperature at which the air 
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enters the kiln, the higher will be the exit temperature of the emergent gases 
whereas the exact contrary is the case, the exti temperature of the gases steadily 
falling as the temperature of the entering tar increases 

The reason of this, however, will be apparent to anyone who calculates out a 
series of heat balances on the lines outlined above The reason of the phenomenon 
IS, of course, that clinker formation is a high temperature process and not a low 
temperature process To make i lb of clinker requires (see Chapter IX ) 91S 6 
B Th U ’s absorbed above 1,481*’ F , but only 6^2 < B Th U ’s ab orbed below 
1,481° F 

Hence, if the heat m the entering gases is presented to the raw material in such 
Table I 


Showing Exit Temperature, etc , of Gases from a Perfect Rotary Kiln when 
lo 478 Lbs of Air are Used per i Lb of Standard Coal Burnt, and the Enter 
tng Air ts Preheated by the Chnker to the Temperature shown in Column (i) 


(0 

Tempera 
ture of 
Entering 
Combustion 
Air 

{10 478Lbs 
per 2 Lb 
Coal) 

(2) 

Flame 

Tempera 

ture 

(3) 

Weight 

of 

Clinlcer 
per I I b 
of 

Standard 

Coa! 

(4) 

Tons of 
Standard 
Coal 

Consumed 

PST 

roo Tons 
Clinker 

(S) 

Per Cent 
of 

Moisture 

Sluriy 

'6) 

Tempera 

Diy 

Slurry 

Entering 

Kiln 

(7) 

Tempera 
ture of 
Exit 

Gas 

(8) 

Per Cent 
of Total 
Heat in 
Clinker 
Restored 
to Klin by 
Entering 
Air 

•r 

60 

«F 

Lbs 

8 680 

II 52 


•F 

Co 

212 

08 

roo 

3794 

8785 

ir 38 

0 

60 

212 

I 8 

200 

3«S5 

9«4S 

II 06 

0 

60 

212 

6 I 

300 

3916 

93” 

to 74 

0 

60 

212 

xo 2 

400 

3977 

9 580 

10 44 

0 

60 

212 

14 I 

500 

4038 

9 850 

to IS 

0 

60 

212 

17 8 

600 

4100 

10 J2S 

988 

0 

60 

188 

213 

700 

4160 

10 397 

9 62 

0 

60 

167 

24 7 

800 

4222 

10675 

9 37 

0 

60 

129 

97 9 

900 

4283 

10 954 

9 «3 

0 

60 

I OS 

3* 0 

1000 

4344 

11 239 

8 90 

0 

60 

745 

34 0 

1100 

4405 

II 463 

8 724 

0 

77 

6q 

368 

1200 

4465 

II 546 

8 6613 

0 

106 

60 

39 6 

1300 

4S25 

II 815 

84638 

0 

*34 

60 

4’ 2 

1400 

4586 

II 990 

8 3399 

0 

i6t 

60 

44 7 

1500 

4645 

12 160 

8 2238 

0 

187 

60 

47 * 

1600 

4706 

12 332 

8 1089 

0 

212 

60 

49 5 

1900 

4936 

12 83 

7 7923 

0 

282 

60 

56 0 

3100 

5071 

13 160 

7 5986 

0 

325 

60 

60 0 

2300 

5224 

13 48 

74214 

0 

36s 

60 

63 6 

2500 

5370 

13 79 

7 2535 


402 

60 

67 0 


a manner that there is a high percentage of available high grade heal, this heat 
will be readily absorbed with a resulting large output of clinker per i Ifa of coal 
On the other hand, if the available heat in the gases contains a large percentage 
of loiv grade heat, this heat is useless for forming clinker and comes down the kiln 
unabsorbed and appears as heat m the exit gases In this connection the reader 
should consult Chapter XV again 

Now preheating the entering ait to a high temperature simply means increas 
ing the proportion of high grade to low grade heat in the entering gases and 
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therefore the more complete absorption of the heat in clinker formation in the 
upper part of the kiln. 

N'o heat whatever is absorbed in clinker formation unless it is presented at a 
temperature above 1,481° F. (805° C.), snost heat simply passing t/nabsorbed 
down the kiln and appearing in the exit gases, and is simply wasted except in 
so far as it preheats the raw material for the clinkering zone and eraporates 
superabundant water. 

Hence the proce.ss, when followed thermodjTiamically, shows the appalling 
wastage of heat in the present method of employing gases containing such a large 
proportion of low-grade heat, as shown in Chapter XV. 

For fuel economy it is essential to utilise high-grade heat for high-grade thermal 
work and low-grade beat for low-grade thermal work, and therefore that the enterhig 
gases must be heated as highly as possible. 

The present chapter, therefore, forms another proof of the statements set forth 
in Chapter XV. 

§ 8. In the preceding sections the amoimt of air entering the kiln has been 
kept steady at Ae normal amount, viz., 10.478 lbs. per r lb. of coal. 

It has just been shown diat when this is the case, and when the temperature of 
the entering air attains 1,100° F., the high-grade heat is absorbed so completely 
in forming clinker that the combustion gas does not contain sufficient heat to 
preheat the slurrj-to the temperature of the carbonating zone (1,481° F., or 805° C.), 
and that therefore the slunv- must be separately preheated to various amounts in 
order to enable it to enter the decarbonating zone at the correct temperature. 

As shown in Chapters XVI. and XVII., this state of affairs can be remedied by 
allowing more than the 10.478 lbs. of air to enter the kiln per i lb. of coal, 
proHded that this air is preheated by the clinker so as to restore to the furnace 
all the heat outgoing in the clinker. _ 

In the table on p. 19.6 the effect is shown of dividing the air stream into tw'o 
parts after the air has removed all the heat from the clinker. 10.478 lbs. of hot 
air are allowed to enter the clinkering zone with the coal dust and bum them in 
the usual way. The balance of hot air is allowed to enter the preheating and 
dehydrating zone below the carbonating zone, and thus preheat the cold slurry 
to the neccssaiy degree. 

VTien these arrangements are made and the necessary calculations performed, 
the following table results. 

The weight of air which must be supplied in order to remove all the heat from 
the clinker is calculated as follows ; — 

The specific heat of the clinker between 60° and 2,500° F. is 0.2519. 

Let W=necessaiy weight of air. 

Then 

( Mean specific heat I 

Wx<J of air between k x (T-6o)=weight of clinker x 0.2519 x (2500-60). 

I T° and 60° j 

Here T = temperature to which the air is preheated, shown in column (i) of the 
table on p. 19.6. 

The weight of clinker is obtained from column (3), and the mean specific heat 
of the air between the various temperatures is read off from our specific heat tables. 

§ 9. It will be seen from this table that under these conditions the kiln is 
working under a condition of maximum efficiency and all the heat supplied is 
consumed in the kiln itself. 

So that the exit gases escape at 60° F.— the temperature of the air— and the 
clinker escapes at 60° F., while the kiln, under the most favourable conditions, 
can produce 15.732 lbs of clinker per i lb. of standard coal burnt, or 100 tons of 
clhiker per 6.3565 to 7 is of standard coal. 
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CHAPTER XX 

LOSS IN CLINKER OUTPUT DUE TO EXTERNAL 
RADIATION LOSSES FROM A MODERN 
ROTARY KILN 


§ 1. In Chapter XIX. a perfect kiln was investigated, in which no losses due to 
either external or internal radiation occurred. 

In the ordinary rotarj- kiln employed in practice, however, there occur very 
serious thermal losses due to both external and internal radiation losses. How 
serious are such losses may be gathered from the fact that it is these radiation losses 
which are the main factors in redudng the output of the kiln from 6.36 tons of 
standard coal per 100 tons of clinker to, say, 30 tons per 100 tons of clinker (the 
average figure now prevailing) and render the wet process a practical one. 

In the present chapter it is proposed to confine our attention to the loss of 
clinker output due to external radiation losses from the kiln shell to the atmo- 
sphere, reserving for the succeeding chapter the treatment of the internal radiation 
losses. 

.5 2. The British Portland Cement Research Association has during the last 
few years carried out twentj'-nine tests of cement rotary kilns, and has thereby 
acquired an accurate experimental knowledge of the external radiation losses 
suffered by modern rotarv' kilns. 

The figures vart' somewhat widely. But in one test of the Works No. 16, made 
in 1920, the total radiation loss came out as equivalent to 5.60 tons of standard 
coal per 100 tons of coal burnt, or 705.6 B.Th.U.’s per i lb. of standard coal 
burnt (of 12,600 B.Th.U.’s per lb.). 

In the Works No. 26, carried out in 1924, their corresponding figures were 
5.61 tons of standard coal per 100 tons of clinker burnt, or 706.7 B.Th.U.’s per 
I lb. of standard coal burnt (12,600 B.Th.U.’s). 

These figures may be assumed as of the order of the external radiation losses 
which occur in a good modem rotary cement kiln. 

As it is necessary to take some definite figures in our calculations, me will 
assume that for every i lb. of standard coal burnt in the furnace some 700 B.Th.U.’s 
are wasted in external radiation. 

In other words, for every 12,600 B.Th.U.’s liberated within the kiln, 
700 B.Th.U.’s are wasted in heating the air around the kiln. 

This amounts to an apparent loss of heat only about 5^ per cent. 

The real efective loss, however, is nearer 15 per cent., as we will see below, 
and is, therefore, very serious. 

§ 3. In Chapters IX., XIV., and XV. it has been demonstrated that it is the 
high-grade heat only— f.e., the heat which is available at a temperature above 
1,481° F. (805° C.)-^which is capable of generating clinker. Low-grade heat- 
heat available below 1,481° F. — cannot produce a single ounce of clinker, even if 
available to the extent of millions of B.Th.U.’s. 
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Consequently, it is the /ass of high grade heat which is responsiile for loss of 
eltnker output 

The loss of low grade heat— no matter how large — does not reduce the dialer 
output by a single particle, pro\ided always there is sufficient low grade heat 
available to do the necessar3 preliminarv thermal work of preheating the enterint' 
slurry up to the temperature of F (805* C ) preparatory to its entenng the 
CO. expulsion and clinkenng zone 

If there is not sufficient low grade heat present to do this, its place must be 
taken bv high grade heat, to the great detriment of clinker output 

This point was dei eloped in detail m Chapter In Chapter I\ it was 

shown that it requires 91S 6 B Th U ’s of high grade heat (r e , B Th TJ ’s avail 
able above 1,481® F (805® C ^ to generate i Ib of clinker) 

A million B Th U ’s of low grade heat will not generate a single ounce of 
clinker 

§ 4 Consequently, on examming the thermal losses by eatemal radiation, it 
IS not sufficient to examine them solely bj the B Th U ’s lost, irrespective of the 
nature of the B Th U 's It makes all the difference in the world to clinker 
output whether these lost B Th U ’s come under the categon of high grade heat 
or low-grade heat 

Therefore, in order to am\-e at the loss of duiker output by external radiation. 
It IS very necessary to examine the source of the B Th U ’s If the B Th U *s 
are lost from the dinkering and decarbonating zones, it is obnous that they 
represent lost high grade heat (as all the gases in these rones are aboi-e F ), 
whereas onv heat lost in the deh>dratiDg and preheating zones— the colder zones 
of the clinker— merely represent lojy-grade heat (since the gases and material 
inside are behu.' i 481® F ), and «o these losses ore not serious from the clinker 
output point of view (although for steam generation or evaporatne purposes 
these losses ma) be considered serious where waste-heat boilers are m use) 

Every (t B Th C s lost of high grade heat represent the loss of i lb of 
potential eltnker as shoun in Chapters \IV and A V 

§ S A careful estimation of the radiation leases from different «ections of all 
the cement rotary kilns tested by the Research ■Association gave the following 
average figures — 

Per Cent 


(0 

Radiation loss from clinkenng zone 


( 2 ) 

, ,, CO. expulsion zone 

(3) 

,, „ dehydrating and preheating zones 

21 

4) 

, „ end sections of kilns 

12 


Hence, if we accept as typical of a modem rotary cement kiln the estimate 
of the radiation loase^ made in § z, saz , 700 B Th U ’s per 12,600 B Th U ’s 
liberated by 1 lb of standard coal consumed within the kiln, then we ann'e at 
the following figures 

Per 1 lb of standard coal burnt in kiln, and thus liberating 12,600 B Th U ’s 
jn the kiln, we lose b) external radiation — 

BTh-Us. 

(1) In the clinkermg zone 030 x 700 = 210 | g I High grade 

(2) In the COj expulsion zone 037x700 = 259/** 1 heat 

(3) In the deh)drating and preheating zones O2tx7co = i47 I I Low grade 

(4) End sections of kiln - 012x700= 84 I" I heat 
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The lieat radiated away from both the hot end section of the kiln and the colder 
end is classified as low-grade heat because in both cases the gases immediately 
in contact with the ends are certainly at a temperature below 1,481° F. (805° C.). 

§ 6. It will be seen from § 5 that for every 12,600 B.Th.U.’s liberated within 
the kiln no less than 469 B.Th.U.’s arc lost by external radiation from the 
clinkering and decarbonating zones, and that the whole of these 469 B.Th.U.’s 
represent a loss of high-grade heat. 

Now the loss from these zones of 918.6 B.Th.U.’s of high-grade heat corre- 
sponds to a loss of I lb. of clinker. So that a loss of 469 B.Th.U.’s corresponds 

to a loss of V =0.5106 lb. of clinker. 

91S.6 

In other words, per 1 lb. standard coal (of 12,600 B.Th.U.’s per lb.) burnt 
inside the kiln, we lose the production of 0.510 lb. of clinker through external 
radiation losses. This is a very serious loss. Thus, take the case of a rotary 
cement kiln producing too lbs. of clinker for every 30.120 lbs. standard coal 
burnt. 


Table I 

Showing Saving that would he Effected by Stopping All External Radiation from 
Clinkering and Decarbonating Zone of Kiln Shell 


With Present Extern.i! Radiation Loss 
from Clinkering and Decarbonating 
Zone, of 469 B.Th.U.'s per i Lb. 
of Standard Coal 

(12,600 B.Th.U.’s per Lb.) Burnt. 

With All External Radiation Losses 

Stopped from Clinkering and 
Decarbonating Zone. 


Loss of Clinker 

Increased Clinker Output 
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Consumed per loo Tons 
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Output Due to 
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Coal Burnt for 

External Radiation 

Coal Burnt Due to 


too Tons of 

from Clinkering 

Stopping All Radiation 

Stopped from Clinkering 

Clinker Produced. 

and Decarbonating 

from Clinkering and 

.r Tons. 

Zone, 

0.5106;^ Tons. 

Decarbonating Zone. 
100 + 0.5106^:. 

I00:r 

100 +0. 5106a: 

20 

10.2 

no. 2 

18.14 

21 

10.72 

110.72 

18.97 

22 

11.23 

111.23 

19.78 

23 

11.74 

III. 74 

20.51 

24 

12.25 

112.25 

21.38 

25 

12.76 

112.76 

22.17 

26 

13.27 

113-27 

22.95 

27 

13-79 

113-79 

23-72 

28 

14.30 

114.30 

24.50 

29 

14.81 

114.81 

25.26 

30 

15-32 

115-32 

26.02 

31 

15-83 

115-83 

26.77 

32 

16.34 

116.34 

27-51 

33 

16.85 

116.85 

28.24 

34 

17-36 

117.36 

28.97 

35 

17.87 

117.87 

29.70 
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Then the loss of clinker output by external radiation is 
30 12 xo 5106 = 15 37 lbs of clinker 

In other words, if we stopped all radiation losses m the upper end of the kiln 
then instead of producing roo lbs of clinker, we would obtain 115 37 lbs of 
clinker per 30 12 Ihs of coal burnt 

So that the loo lbs of clinker would now be produced by 

of coal 

IIS 37 

The table on p 20 3 has been calculated to show the serious practical 
losses which occur due to kiln external radiation 

Summary — In the present rotary kiJtt each \ lb of standard coal burnt 
represents a loss of nearly \ lb of cltnker due to external radiation from the 
iliniering and CO2 expulsion zone 

In a cement kiln eensunting 30 12 tons of standard coal per 100 tons of cltnker 
produced a stoppage of all external radiation loss from the cltnkertng and de 
carbonating zone would reduce the fuel consumption to 26 1 ions of coal per 
100 tons of cltnker 
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CHAPTER XXI 

LOSS IN CLINKER OUTPUT DUE TO INTERNAL 
RADIATION LOSSES FROM A MODERN 
ROTARY KILN 

§ I . The loss of clinker output from radiation inside the kiln is very much more 
serious than the loss due to external radiation. This is a source of loss which has 
been entirely neglected to date. 

§ 2. Let us illustrate what we mean by internal radiation. 


above 1,481° F. 

below 1,481° F. 

Clinkering and Decarbonating 

Preheating and Evaporating 

Zone. 

Zone. 

A 

B 


The rotar)' kiln may be considered as a closed box divided into two parts, as 
shown in the figure ; the part A consists of the clinkering and CO2 expulsion zone, 
while the part B consists of the preheating and evaporating zone. All the heat 
contained in A is of the high-grade variety, f.e., is available above 1,481° F. 
(805° C.) (because the gases and solid materials contained in A, as well as the 
walls of A, are all at a temperature above 1,481° F.), while the heat contained 
in B is of the low-grade variety (since all the gases, solid materials contained in 
B, as well as the walls of B, are at a temperature lower than 1,481° F.). 

Now the part A is at a white heat and filling with very hot gas impregnated 
with fine dust, while the part B is comparatively cold. 

Consequently, there is going on continuously inside the kiln a steady radiation 
of heat from A into B — from a region of high temperatures to a region of lower 
temperatures. 

But ever}' B.Th.U. thus transmitted across the dividing line between A and B 
represents a loss of high-grade heat, and every 91S.6 B.Th.U.’s of high-grade heat 
thus lost represent the loss of i lb. of clinker, which otherwise could be formed 
in A, as has been explained in Chapters IX., XIV., XV., and XVII. 

So that this internal radiation loss represents a very serious diminution in the 
capacity of the clinkering and decarbonating zone to produce clinker, and as 
we will show immediately, the loss of clinker output from this course is immensely 
greater than the loss from the external radiation. Indeed, this internal radiation 
is the main cause of the inefficiency of the inodern rotary kiln. 

§ 3. It is now necessary to determine the total amount of the loss. This 
can be done as follows : — 

Consider the clinkering and decarbonating zone of a kiln. In it i lb. of 
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standard coal m burning combines with lo 478 lbs of air, and produces 11 278 lbs 
of combustion gas, by means of which the heating m the kiln takes place 

Now, if the 10 478 lbs of air were at the temperature of the atmosphere and 
no losses at all occurred, it has been shoivn in Chapter XII that a flame tempera 
ture of 3.769° F would be attained, the ii 278 lbs of combustion gas, mpa'sing 
down the clinkering and decarbonating zone and giving up its heat to the raw 
material, finally escapes from the decarbonating zone at i 481° F (805° C ) 

This gas, in sinking from 3 760® to 1,481® F , can only^'ieW 7,972 B Th U ’s 
above 1,481® F (as shoivn in Copter XIV ) Hence, under these conditions of 
no thermal loss of an) itnd, i lb of standard coat can only produce 7,972 B Th U ’s 
of high grade heat shove 1,481® F andso this ts the only amount which ts available 
for cbnker formation 

But if the 10 478 lbs of air presented to the 1 lb of coal be preheated to anv 
given temperature /® F before it is allowed to combine with the coal, and the 
amount of heat thus imparted to the 10 478 lbs is Q, B Th U 's and this must 
be added on to the 7 972 B Th U ’s, which thus became available for clinker 
formation 

This was explained in Chapters XII and XIV , which the reader is recom 
mended to peruse once again 

Hence the net result is this — 

If no thermal loss of any hind occurs in the ehnkertng and decarbonating zone, 
there ts available for i lb of toal for clinker formation 7,972 B Th U 's of high 
grade heat due to the heat from the coal together with Q,BThU V due to the heat 
already contained tn the 10 478 lbs of hot atr which ts preheated to a temperature 
/* above that of the atmosbkere {60® P ) 

^ I if Qn»i be the total available high grade heat in the clmkering and de 
carbonating zone, and it be then contained m 10 478 lbs of entering air— 

10 478 lbs of entering air (0 

§ 4 But this total amount of high grade heat developed m the clinkering and 
decarbonating zone must supply the following losses — 

(a) The heat required to expel the COj from the carbonate at i 481® F 
(805® C ), and form the clinker and raise the mass to the clinkering 
temperature of 2,500° F In Chapter IX this amount of heat was 
shown to equal 918 6 B Th U ’s per i lb of clinker formed 

(5) The heat radiated externally from the clinkering and decarbonating zone 
per 1 lb of standard coal burnt, let us call this R This has been 
shown in Chapter XX to amount to 469 B Th U 's per 1 lb of standard 
coal burnt (of 12,600 B Th U ’s per lb ) 

(r) The heat radiated from the clinkering and decarbonating zone to the lower 
part of the zone This has lo be determined Let it be Ri B Th U 's 
per I lb of standard coal burnt in the kiln 


Then we have the following equation to determine this internal radiation — 
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Diagram 


External radiation loss from clinkering and 
decarbonating zone per i lb. of .standard 
coal burnt = Rn. 


1,481” F. 


Total high-grade heat per 1 lb. standard coal. 
Quantity oft (7,972 B.Th.U.’s liberated^ 


heat enter- 
ing per I lb. 
standard 
coal 


b)' 11.278 lbs. of furnace 
gas above 1,481® F.)-^^ 
(B.Th.U.’s in 10.478 lbs. 
of preheated air) 


Internal radiation losses from 
clinkering and decarbonating 
zone to colder end of kiln 
= Ri. 


1,481° F. 



Clinkering and decarbonating zone. Preheating and deln'dratingzone. 


Diagram illustrating the equation : — 

Total Internal External Heat Absorbed 

High-grade = Radiation -f- Radiation -f in Clinker 

Heat Loss Loss Formation 

7972 -bQ, = R, -b Re -b 9 i 8.6W 
7972 -b ^f air'^^'^} absorbed in forming the clinker 

•b External radiation from clinkering and de- 
carbonating zone per i lb. of coal burnt 
■b Internal radiation for clinkering and de- 
carbonating zone per i lb. of coal burnt ; 

or, in s)'mbols, if W = lbs. of clinker formed per i lb. of coal— 

7972 -bQ,= Wx 918.6 -b Re + Ri • • • ■ (t) 

whence R, -bRE = 7972 -bQ,-W x 918.6 . . . ■ (z) 

All these quantities are known in a modern kiln, so that it is possible 
to calculate the loss of internal radiation Ri for a given clinker output. 


§ 5. As the external radiation from the clinkering and decarbonating zone varies 
for ditferent kilns, we will first calculate the total radiation loss with any given 
output, their total radiation losses embracing both the internal and external losses. 
From the preceding relationship of § 4 we find ; — 

Internal radiation-^- External radiation per t lb. of standard coal burnt 

f Weight of clinker i 

= (7972 -b B.Th.U.’s in preheated air) = ] formed per i lb. j-xpiS.fi; 

I of coal ) 

or Rj;-bR, = (7972-bir,)-Wx 918,6 . . • • (3) 

§ 6. The value of Q, (the heat contained in the 10.478 lbs. of preheated air 
necessary for i lb. of coal burnt) is calculated for different temperatures in 
Chapter XII., Table I. 

The values of the heat absorbed in forming different weights of clinker 
(W X 918.6 B.Th.U.’s per W lbs. clinker formed) are calculated in Chapter XIV., 
Table I., column (2), the corresponding amount of clinker producible being 
given in column (3) of the same table. 
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Table 

Showing Combined Internal and External Radiation Losses from the Chnktnng 
the External Atmosphere, expressed in B Th U 'j per i lb of 


Calculated from the formula — 
Ri+Rs ='7972 +Q<-Wx9i8 6 
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0 

8 470 

mm 

Total Radiation 
Ra + Rt 
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I 


and Decarbonating Zone into the Preheating and Dehydrating Zone, and into 
Standard Coal (0/12,600 B.Th.U.'s) burnt in the Cement Rotary Kiln 


^\'he^e 


r'Ki = internal radiation loss from clinkering and decarbonating zone 
into preheating and dehydrating zone, expressed in B.Th.U.’s 
per I lb. of standard coal consumed in the furnace. 

= external radiation loss from the clinkering and decarbonating 
' zone into the air expressed in B.Th.U.’s per i lb. of coal burnt. 

Q, =B.Th.U.’s brought into furnace by 10.478 lbs. of the preheated air. 

W =lbs. of clinker produced per i lb. of standard coal burnt in the 
furnace. 
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Table 


(0 
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ClinLer Prod 
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/•r 

60' t 

100* F 

sooT 

300” F 
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too Tons ClinLer 
Produced 

Produced per 1 Lb 
Sundard Con) 

in 10 <78 Lbs (tf {Qr 
Preheated Air j 

B Th U 

B Th U 
96 s 

B Th U 
338 

BThU 

S8s 

S 679 


Total Radiation 







Rk+R| 
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0 
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0 

8 S9S 


Total Radiation 







Ra+R, 
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0 
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Total Radiation 







Rs4-Ri 
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Total Radiation 
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Total Radiation 
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0 
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Total Radiation 






R, + Ri 

0 

0 

0 

0 

II 056 

9045 

Total Radiation 
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*45 

II 3S3 

8785 

Total Radiation 
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0 
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Tota) Radiation 
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0 

96 5 
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Total Radiation 
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59* 
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75^ ' 
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R. + Ri 

63S 

734 5 

1220 

13 aio 
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1356 
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Rb+R| 
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Total Radiation 



1728 


R«+Rj 

1390 

i486 5 


14 791 

6 761 

Total Radiation 





R. + R, 
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15 726 

6359 

Total Radiation 



2469 

2713 

R.+R| 
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*2*7 5 
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Total Radiation 
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Rb+R| 

*494 
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aooT 

■ 
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Product 

Lbs ClukbjcT 
Produced Mr s Lb 
Sundard Cool 

Quantity ^ Hcai^ 

■n 10478 Lbs ofiQr 
Ptcbraled Air ) 

B 

M 

BTh V 
338 

IQ 

17 960 

556S 

Total Radiation 
Rt+R, 

^9 

H 

3195 
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Total Radiation 
Ra + R, 

m 
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3551 
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Total Radiation 
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3567 

3663 5 

3905 

4149 

22660 

4 413 

Total Radiation 
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Total Radiation 
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Rk+Ri 
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Total Radiation 
Re + R, 
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51*7 
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491S 

5162 
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27 632 
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Total Radiation 
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5130 
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Total Radiation 

R«+Ri 

46S2 

4778 s 

5020 

5*64 
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Total Radiation 
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SO34 
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aoo'F 
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Burn) 
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4785 
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Total Radiation 
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5157 
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29 455 
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R(+R, 
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4949 S 

S'9i 

S435 
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Total Radiation 
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la a perfect kiln this quantit) of heat is obiiouslj identical with the number 
ofBTh U ’s liberated bj- 11 ‘♦7SJhs oraKnbustioagasfallmgfrointhemaxjmum 
flame temperatures produced where the air neccssarv for combustion is preheated 
to different temperatures f C 

§ 7 From the aralues of Q\\ and 91S 6^^ contained in the abot'e-menUoaed 
table, the preceding Table I is calculated 

It gnes the ralues of the sum of the los-cs of htzh ^rade Hat, * e , B Th U ^ 
available cine 1,481® F (So^® C ) per i Ib of standard coal burnt (of i' 600 
B Th U ’s per lb ) which occur m any given cement kiln with a given output 

§8 Remarks on Table — Table I shows the gradual increase in the 
radiation losses as the kiln falls awav from what is theoretically possible The 
perfect kiln working with air preheated to a 500® F (the clinkering temperature) 
and produang 100 tons of clinker per 6 356 ttms of standard coal burnt (or r j 73 
lbs of clinker per 1 lb of coal burnt) shows no in'emal or external los.es 

As we go down the scale and come to the ver) imperfect kilns now used m actual 
practice, we see the internal radiatioa losses become perfectly enormous 

E g , a. kiln producing too tons of clinker per 30 I'o tons of coal has the 
enormous radiation loss of 4 B Th U sperilb of standard coal burnt when 
the air is not preheated at all while if the air is preheated to 400® F , the loss is 
as great as 5 750 B Th 1/ s per t Ib of standard coal burnt 

§ 9 From this Table I we are now enabled to calculate the loss of clinker 
output due to internal radiation from anv given rotary kilo pronded that we 
know Its output of clinker per i lb of standard coal (i-* 600 B Th L s per lb ) 
burnt and the extertul radiation losses from the clmkering and decarbonating 
zone 

Suppose, for example a given cement totarv kiln is jielding too ton* of 
clinker per 30 iso tons of standard coal bunu This is the same as j j 0 lbs of 
clinker per t lb of standard coal burnt 

tet us suppose also that the entering air is preheated to 400® F which is the 
normal condition of the air entering most rol4r> kilns 

Then Q -B Th k; s required to heat 10 478 lbs of air from 60® to 
400® F 

= 828 B Th U s (Table I Chapter MI ) 

91S 6\^ heat absorbed m forming the clinker 
=9186x3 j o 
3 OjO B Th U s 

)\'hcnce from equation (3) 

K., 4-Ri=totaI radiation losses 
797’+8'S-30So 

5 7a® B Th U 5 per i Ib of standard co.tl burnt 
Also in Chapter \\ it is shown that for an a\era«^ modem rotarv kiln 
the external radiation R« from the decarbonating and clinkering rone is sa\ , 
469 B Th U 's 

The internal radiation loss n. 

R, 5750 — 469 = 5 2S1 B Th U ’a per 1 lb of •standard coal 

This represents a loss of high grade made vse/fss for cimker production bv 
being transformed into the lov gr»le vanety bj radiation 
The loss of clinker output thus occasion^ is enormous 
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Since every 918.6 B.Th.U.’s of high-grade heat loss represents the loss 
of I lb. of clinker, the loss due to 5,281 B.Th.U.’s is 

- - - o - ^ = 5-75 lbs. per i lb. of standard coal burnt. 

910.0 

In our present case 30.21 lbs. of coal produce 100 lbs. of clinker. 

.'. On each 1 lb. of coal there is a loss in output of 5.75 lbs. of clinker. 

.'. On 30.21 lbs. of coal there is a loss of 30.21 x 5.75 = 174 lbs. of clinker. 

.-. If no internal radiation losses occurred, 30.21 lbs. of standard coal burnt 
would produce 174 + 100 = 274 lbs. of clinker, or 100 lbs. of clinker would 
be produced by the expenditure of 

X 100 = 11.0 lbs. of coal. 

274 

In other words, the tnternal radiation prevailing inside a kiln normally pio- 
ducing 100 tons of clinker for 30.21 tons of standard coal of 12,600 B.Tli.U.’s 
per 1 lb. is responsible for increasing its coal consumption font ii to 30.21 
ions of standard coal per 100 ions of clinker produced. 

The internal radiation prevailing inside a cement rotarj' kiln is therefore the 
main factor in reducing the efficiency of ike rotary kiln. 

It is a far more effective factor than the external radiation, which, as we have 
seen in Chapter XX., is responsible for increasing its coal consumption from 
26 to 30 tons of standard coal per 100 tons clinker produced. 

The combined external and internal radiation amount to 5,75° B.Th.U.’s 
per 1 lb. of coal burnt in the case of the kiln previously considered ii.e., burning 
30.120 lbs. of coal per 100 tons of clinker). 

This total radiation means a loss of 

=6.26 lbs. of clinker per i lb. of coal. 

918.6 

.'. The loss on 30.12 lbs. of coal is 30.12 x6. 26 = 189 lbs. of clinker. 

Hence 30.12 tons of coal should be producing 100 + 189 = 289 tons of clinker, 
or 100 tons of clinker would be produced by the expenditure of 

30. 1- X 100 _ ^ 

289 

So that the abolition of all radiation losses would reduce the fuel consumption 
of the kiln per 100 tons of clinker from 30.12 to only 10 4 tons of standard coal. 

The following Table II. has been calculated in the above manner for different 
clinker outputs. 

The table brings out the enormous losses which occui in the kiln due to 
radiation losses, and especially illustrates how much more serious are the internal 
radiation losses than the external. 

Column (r) shows the fuel consumption of a rotary kiln expressed in tons 
of standard coal per 100 tons of clinker. 

Column (2) shows what this fuel consumption would drop to if, by suitable 
insulation, all external radiation losses were completely stopped from the clinker- 
ing and decarbonating zone, but the internal radiation losses were left unchecked. 

Column (3) shows what the fuel consumption would drop to if the internal 
radiation losses from the cHnkering and decarbonating zone were completely 
stopped, but the external radiation losses were left unaltered. 

Column (4) shows what the fuel consumption would become if both the 
internal and external radiation losses from the kiln were completely stopped. 



21 14 


CHEMICAL ENGINEERING 


Table II 

Showing (he Effect on Fuel Comumpiton of Stopping the Radiation Losses from 
Cement At/ns 


(t) 

Clinker Output 
from Kilo 

Tons Standard 
Coal Consumed 
per loo Tons 
Clinker Made 

(2) 

Effect of Stoppu^ 
External Radiation 
from Clinlcenng «n<t 
Deearbonatio" Zone 
but Keeping Internal 
Radiation Unaltered 

Tons Standard 

Coat Consumed 
per 100 Tons 
Clinker Made 

( 3 ) 

Internal Radiation 
ftom Cliflkering and 
Decaibonating Zone 
Stopped but External 
Radiation Unaltered 

Tons Standard 
Coal Consumed 
per 100 Tons 
Clinker Made 

(4) 

Both Internal and 
External Radiations 
Stopped in Clinlenog 
and DecatbonaUng 
Zone 

Tons Standard 

Coal Consumed 
per loo Tons 
Clinker Made 

soSss 

18 86 

II 02 

1044 

25 044 

22 22 

It 02 

JO 44 

36 021 

22 97 

21 02 

to 44 

27 078 

23 79 

11 02 

10 44 

28 209 

24 73 

11 02 

1044 

39 137 

2$ 36 

II 02 

1044 

JO r-*© 

26 II 

11 02 

10^4 

34 305 

29 19 

11 02 

JO 44 

39 *46 

3 » 70 

II 02 

JO 44 


Cooclustons 

(1) The radiation losses from the clmkering and decarbonating zone are 
extremely serious in increasing the coal consumption per loo tons of clirUter 
produced, the internal radiation losses being very much more deleterious than the 
external radiation losses m this respect 

(2) The mam cause of the thermal inefficiency of the rotary kiln is 
the enormous radiation losses 

(3) In order to secure kiln economy the mam line of progress for kiln 
designers lies in concentrating all eflforts on eliminating as far as possible all 
internal and external radiation losses 

Everything else exerts quite a subsidiat) influence on kiln economy 
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CHAPTER XXII 

EFFECT OF INTERNAL RADIATION AND CON- 
VECTION ON SLURRY MOISTURE, SHOWING 
THAT WITHIN CERTAIN LIMITS THE PER- 
CENTAGE OF MOISTURE IN A SLURRY MAY 
BE VARIED WITHOUT ALTERING THE FUEL 
CONSUMPTION PER i LB. OF CLINKER 


§ I. In Chapter XXL it was shown that in the ordinary cement rotary kiln as 
constructed to-day there occurs an enormous loss of high-grade heat in the upper 
part of the kiln, this high-grade heat being transferred by radiation or convection 
(by the hot gas) to the lower and colder regions of the kiln, and is there trans- 
formed into the equivalent amount of low-grade heat, without any useful chemical 
work being done in its passage from the high-grade to the low-grade state. 

The nett result of this leakage of high-grade heat (/.e., B.Th.U.’s available 
aiove 1,481° F.) into the lower part of the kiln is that mere low-grade heal {i.e., 
B.Th.U.’s available below 1,481° F.) passes into the lower part of the kiln than 
ts required for bringing the raw material to the correct teinperature for entering 
the CO2 expulsion zone and clinkering zone. 

§ 2. This excess of low-grade heat cannot be remedied except by improving 
the efficiency of the clinkering and decarbonating zones of the kiln, but of course 
it may be utilised in other ways — for example, in evaporating unnecessary water 
{t.e., unnecessary for clinker formation) which has been placed in the slurry for 
convenience in manufacture. 

§ 3. In a perfect kiln, of course, the slurrj' should be quite free from 
mechanically mixed water, so that all the heat available is directly used for pro- 
ducing clinker. In the imperfect practical kiln of to-day, where this heat is not 
so used, but leaks away into the lower region of the kiln, it will be possible to 
use this excess low-grade heat in boiling off excess water from the slurry without 
increasing the fuel consumption per i ton of clinker formed. 

§ 4- If it was not so utilised, the wet slurry' would find its way into the de- 
carbonating zone and would absorb high-grade heat and thus seriously reduce 
the clinker output per i lb. of coal burnt, as explained in Chapter XV. 

Hence the advantage may be taken of the presence of excess of loiv-grade heat 
in the ordinary rotary kiln to add a certain amount of water to the slurry, which 
will be evaporated without affecting the clinker output per i lb. of coal (which 
is decided by the quantity of high-grade heat available in the upper part of the 
kiln, and consequently by the design of Che clinkering and decarbonating zones), 

§ 5- If no e.xcess water was present, the slurry' being fed to the kiln in a dry 
state, all that would happen is that the clinker output per 1 lb. of coal burnt 
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wouJd remajn unchanged, but the temperature of the exit gases would increase 
This IS the reason whj the dr^ process as practised m an ordinary cement rotary 
ktln does not yield the greater output to the extent expected of clinker per i lb of 
coal burnt than when the slurry ts wet, provided that the slurry moisture does 
not exceed a certain percentage 

The chief advantage that the dry process would present would be that the 
exit gases from the dry process would issue at a higher temperature from the kiln 
than m the wet process, and therefore, if used in conjunction with a waste heat 
boiler, would generate more steam (but not much more clinker) per i lb of coal 
than IS possible with the wet process * 

§ 6 Starting with a dry slurry, if we proceed to add successive quantities 
of w ater to the slurry, we will not alter much the yield of clinker per i lb of coal 
burnt until a certain critical percentage of water is reached (as shown at b in 
the diagram, Fig i), the exact xalue of b depending, in the case of each particular 
kiln, upon the effiaency in the design of the clinkering and decirbonatmg zones 



Tic I —Diagram showing Efffct of gradually inmastcg the Percentage of Moisture in 
a Slurry on the Number of Lbs of Clinker produced per i Lb of Coal burnt 


^Vhen this percentage of water shown at b is reached then all the excess low 
grade heat (» e B Th U s available below i 481® F ) m the lower part of the 
kiln IS absorbed m evaporating the water and an^ excess of water bejond b 
will necessitate the utilisation of high grade heat in the upper part of the kiin 
for evaporating the water This means that the high grade heat is withdrawn 
from the production of clinker and hence there will occur a rapid decrease in the 
output of chnkerper j lb of /-A?/ for each percentage of moisture be>ond that 
indicated by B The curve thus traverses the line bc At c the production of 
clinker per z Ib of coal burnt becomes net, which means that the amount of 
water in the slurry is so great per i Ib of coal burnt that the raw materials cannot 
be raised to the clinkering temperature 

In the ordinary rotary kiln the percentage of moisture used lies, as a rule, along 
EC, the point B being seldom reached 

In Chapters XIV and XV it was shown that to every 918 6 B Th U ’s of 

• For simplicity we ignore the economising effect on the internal radiation losses due to the 
I igher temperature of the colder erid of the kiln “ITiis was to have been treated in Part II of 
this Report but the premature dissolution of ffie Bnbsli Portland Cement Research Association 
prevented the completion of this research 
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high-grade heat {i.e., B.Th.U.’s available above 1,481° F.) withdrawn in thi- 
way for evaporating water, there would occur a loss of i lb. of clinker formed. 

§ 7. The following considerations may make the point clearer. 

In Chapter IX. it was shown that in order to produce i lb. of clinker we must 
expend on the raw material 918.6 B.Th.U.’s above 1,481° F. (805° C.) and 
652.5 B.Th.U.’s below 805° C. (1,481° F.). 


A 

I^Sl^F T° 


DECARBONA 


e:xit 

TEMP 

ZONE 




PREHEATING & DRYING ZONE 
Fig. 2. 


If the gases escape from the kiln at the exit temperature of T° F., and if Q 
be the total amount of heat which can be obtained from the gases corresponding 
to 1 lb. of clinker, escaping from the decarbonating zone and sinking to the 
exit temperature T°, and if R, is the internal radiation (per i lb. of clinker pro- 
duced) from the decarbonating zone into the dehydrating zone, and if Re is the 
external radiation from the preheating and dehydrating zone, then obviously 
Q + Re -R i- 652. 5 = amount of heat available for heating X lbs. of water (per 
I lb. of clinker) from 60° to 212° F., and then superheating it to T° F. 

So that 


Q + Rc - Ri -652.5 = X (212 -60 + 970.7 +SP’- 2 12]), 


or 


^ Q +Re — Ri — 652.5 

1122. 7 +S(T -212) 


(0 


where S is the mean specific heat of the steam between T° and 212°. 

It is possible to calculate X knowing Q, Rn, and Ri. The calculations have 
been carried out in a number of cases, which will be given below. 

Then, if the amount of water in the slurry is increased from o to X (per i Ib. 
of clinker), the yield of clinker per i lb. of coal remains steady. When X is 
exceeded, the exit temperature begins to fall, until 212° F. is reached (below which 
it cannot go for practical purposes, as explained in a later chapter) and T becomes 
= 212° F. 

So that (i) becomes 

X = Q ~ . . • (2) 

1122. 7 

Provided Q, Re, and R, are not altered, any increase in X beyond this means 
that the yield of clinker per i lb. of coal begins to drop. So that X may varj’’ 

from o to zj^') without affecting much the amount of clinker produced 

1122.7 

per I lb. of coal burnt. 

Hence we can add to the slurry corresponding to i lb. of clinker a guanitiy 
of water which can range from o to X lbs. without affecting in the slightest the 
clinker output per i lb. of standard coal burnt. 
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Once, howe\er, this limit of X lbs is o\erstepped, it means that we ha%e 
absorbed all the waste heat a%ailable, and consequent!) , in order to bring the 
raw matenal into a fit state {t e , heated to 1,4**" F ) for entermg the decarbonat 
ing zone, we must use some of the high grade heat (r e , heat available abo^e 
1,481® F ) for eraporatmg the water 

Each 918 6 B Th U ’s of high grade heat so absorbed means that 1 Ib of 
clinLer the less is produced in the upper zone So that when the amount of 
moisture X is exceeded, the clinler output begins to rapidly decrease, as above 
explained 

§ 8 It also follows from the preceding discussion that it is not possible to 
calculate the exact amount of water whi^ can be present m a slurry without 
increasing the fuel consumpticai unlesi the tSietenev of the decarhonaUng and 
chnhering zone ts previously determined 

As we saw in § 7, the maximum \-afue X of the amount of water which can 
be added to that weight of slurry which will produce i lb of clinker is 
^_ Q + R.-R , 
st22 7 

Q IS at Its mimmum value when the gas escapes from tne decarbonating zone 
at 1,481® F (805® C ), and which value can alwa)*? be attained by lowering 
the speed with which the gas 6ows through the kiln 

Ri (the internal radiation from the clinkermg and decarbonating zone into 
the dehvdrating zone) and R* (the external radiation from the dehydrating zone) 
are, however, fixed for a gi\ en type of kiln depending upon its shape, the thickness 
of the walls, etc Hence m the mam it 1$ the factors Ri and Ri that decide the 
permissible value of X 

Now Ri IS in the ordinary rotary kiln much greater than Rs, so that Ri is also 
the factor which in the mam decides (he efficiency of the decaibonatmg and 
clinkermg zone In other words the same factor R, which is predominant 
in deciding the efficiency of the clmkermg and decarbonating zone is also pre 
dommant in deciding the amount of permissible water in the slurry So that 
before \ can be calculated, Ri must be known The less is R, the more efficient 
18 the decarbonising zone and the more we can reduce the percentage of water 
in the slurry and simultaneously reduce our fuel consumption per 1 lb of clinker 
formed 

§ 9 From the preceding discussion it will be seen that it is quite wTong to 
suppose that a reduction in the amount of v^ler in the slurry will mvanably 
and necessarily reduce the fuel consumption per i lb of clinker One can vary 
the percentage of water in the fuel over quite a wide interval w ihout aifecting 
much (he fuel consumpfroa per r lb of c/uiker 

The extent of the possible vaiiatiou depends upon the available excess cf 
low grade heat (» e , heat available below F ) over 652 5 B Th U 's per 

I Ib of clinker, and this m its turn is decid^ bv the efficiencv of the clmkermg 
and decarbonating zone in trapping and utilising the high grade heat (/ e , 

B Th O ’s above 1481® F ) made available by the combustion of the coal 

It IS, therefore, ohitous that no posssMe alterations in the colder end of the 
kiln can effect a fuel economv in the upper ‘nd of the kiln {except as a secondary 
mfluen e, a hick can be large, due to back radiation) 

Once the high grade heat has escaped from the cJinkcnng and decarbonating 
zone without doing any useful work in the hot part of the kiln, it is impossible 
to make it do this work afterwards, no matter what is done m the lower parts 
of the kiln 

The loss of heat must be stopped at its origin — that is, m the chnkering and 
decarbonating zone 
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§ 10. Hence the introduction of lifter bars, etc., in the wet end of the kiln 
cannot improve directly the economy of the kiln beyond those limits which are 
fixed by the efificiency of the clinkering and decarbonating zone. 

All that the lifter bars can do as regards fuel economy is to ensure that the 
low-grade heat is economically utilised in evaporating water in the slurry. 

In cases where the introduction of lifter bars has been followed by a great 
improvement in the fuel economy, the effect is probably due to secondary causes — 
e.g., by the checking of the too rapid flow of gas through the kiln, thus enabling 
the gas to give up its heat in the decarbonising zone. Also, by acting as a shield 
and causing an appreciable amount of back radiation, lifter bars, etc., may 
diminish the internal radiation from the decarbonating zone into the preheating 
zone. 

To attempt to improve the economy of the kiln per i lb. of fuel by making the 
wet end more efficient without regarding the predetermined efficiency of the 
clinkering and decarbonating zone is just like shutting the stable door after the 
horse has escaped. It is vital to stop the high-grade heat escaping from the 
decarbonising zone into the lower part of the kiln. Once this has occurred, the 
process cannot be reversed, as follows from second law of thermodynamics. 
Once high-pressure water has lost its pressure in flowing from a high level to a 
low level, it has lost its power of doing work. So also, once high-temperature 
heat has lost its temperature in radiating from a high temperature to a low 
temperature, the heat has lost its power of making cement. 

§ II. We have just seen that it is not possible to calculate the exact amount of 
water which can be present in a slurry without increasing the fuel consumption 
unless the efiUciency of the clinkering and decarbonating zotte is previonsl) 
determined (i.e., unless the value of Ri is known). What we can, however, do 
is this : — 

If we assume that under the most favourable conditions the efficiency of th 
clinkering and decarbonating zone allowed a kiln to produce M lbs. of clinker 
per I lb. of standard coal burnt, then we can calculate quite easily how much 
water may be added to the slurry without the yield of the clinker per i lb. of coal 
burnt being in any way affected. 

Also we can calculate what will be the exit temperature of the gases corre- 
sponding to any given quantity of moisture in the slurry. We will illustrate 
the process in the following chapters. 
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CHAPTER XXIII 

CALCULATION OF THE AMOUNT OF WATER 
WHICH CAN BE RETAINED IN THE SLURRY 
SO AS TO ALLOW THE EXIT GASES TO 
ESCAPE FROM THE ROTARY KILN AT 212° F. 
(100° C.), ON THE SUPPOSITION THAT ALL 
EXTERNAL RADIATION FROM THE KILN 
SHELL IS STOPPED BY INSULATION 

§ 1. The reason for choosing a temperature of 212° F. for the exit gases is as 
follows : — 

The cold slurry which enters a cement rotary kiln contains much mechanically 
mixed water, which must be heated by the outpouring hot combustion gases 
from the temperature at which it enters the kiln up to the boiling point (212° F. 
or 100° C.). 

The water is then for the most part evaporated at 212° F., being turned into 
water vapour or steam. This steam is usually heated still higher than 212° F. 
by the hot gases coming from the interior of the kiln, and so in the ordinary kiln 
of to-day escapes in a superheated condition up the chimney. But now 212° F. 
(100° C.) is a very important theoretical temperature inasmuch as ii is the lowest 
temperature at which water can -be expelled rapidly from the slurry, and therefore 
212° F. is the lowest practical temperature at which the exit gases can be rapidly 
removed from the kiln. We can imagine these exit gases being cooled and 
the water condensed afterwards, but at the momerit at which they escape fro 7 n the 
kihi these gases must possess a temperature of at least 212° F., otherwise they 
could not rapidly carry away the moisture from the slurry. To expel the water 
below 212° F. (100° C.) from the slurry would either mean a long and slow drying 
process or else the use of a vacuum. 

Hence we can assert that 212° F. (100° C.) is the loivest possible practical 
temperature at which the exit gases can escape frotn a kiln, and once we have reduced 
the exit gases to this temperature, there lies little possibility of further substantial 
thermal economies being effected in the rotary kiln. 


§ 2. In Chapter XIX. a series of calculations were made as regards the tempera- 
tures at which the exit gases would emerge from a cement rotary kiln fulfilling 
certain conditions. 

This exit temperature was shown in Table I., Chapter XIX., to remain steady 
at 212° F. when the yield of clinker ranged from 9.850 to 8.680 lbs. of clinker 
per I lb. of standard coal burnt, the temperature of the entering air needed 
for combustion of the coal being preheated from 500° to 60° F. by the outcoming 
clinker. 
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In these calculations the kiln was supposed to be correctly designed— that is 
all the heat was supposed to be trapped on the inside of the kiln and utilised in 
producing clinker instead of passing largely unutilised down the kiln and 
escaping up the chimney, as it does m the ordinary practical kiln of to day 


§ 3 'When the yield of clinker per i lb of coal burnt falls below theoretical 
figures given above and in Chapter XIX it means that a loss of high grade heat 
occurs in the upper part of the kiln this high grade heat being transferred by 
radiation and convection (by the hot gases) to the lower and colder regions of 
the kiln and is there tran^ormed into the equivalent amount of low grade heat 
without doing any useful chemical work in its passage from the high grade to 
the low grade state 

In Chapter XIX we dealt with the weight of clinker corresponding to a flame 
temperature of 3 769® F In order to ensure continuity of treatment we will now 
take a series of values of clinker correspondu^ to a succession of lower flame 
temperatures say 3 700® F In Chapter XIV it was shown that to every flame 
temperature there corresponded a definite weight of producible clinker and this 
is the order that will be followed here 

The successive flame temperatures and the corresponding weight of clinker 
are set forth in Chapter XIV Table I and should be consulted by the reader 


§ 4 Calculation of the maximum amount of water which can be 
retained in the slurry without increasing fuel consumption so as to 
allow the exit gases to escape at 2x2* F the air not being preheated 
In Chapter XIV Table I u was sho vn that if 1 lb of standard coal united 
with JO 478 lbs of air to form ii 278 lbs of combustion gas at a uniform flame 
temperature of 3 700® F then this 11 278 lbs of gas m falling from 3 700® to 
r 481® F can liberate an amount 0/ heat which corresponds to the formation of 
8 408 lbs of clinker per i lb of coal burnt or ii 893 tons of standard coal con 
sumed per 100 tons of clinker produced 

Corresponding to this weight of clinker are the following associated 
quantities (see Chapter XVII ) — 


CO2 

Dry slurry 
HjO from kaolin 
HjO from sihca 


4 404 lbs expelled at 1 481“ F (805* C ) 
13 ri9 Ihs 

o 2161 lb expelled at i 472“ F (800® C ) 
0 0908 lb expelled at 752° F (400° C ) 


Also the number of B Th U s requ red to heat 13 119 lbs of slurry from 
6o®toi48i"F IS weight of clinker X 652 5 = 5 486 B Th U s (see Chapter IX ) 


t 

External 

I 481® F radiation 212® F 

^ Temperature of exit gases 

212® F 

Internal radiation from 
the clmkprjng and 

decarbonating zQne=254 B Th U s 
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B)' supposition the exit gas temperature is fixed at 212° F. The mean specific 
heat of the furnace gases between 1,481° and 212° F. is 0.2610. 

Also from Chapter XXL, Table I., we know that the sum of the internal and 
e.xternal radiation losses for the clinkering and decarbonating zone corre- 
sponding to data for this weight of clinker is 254 B.Th.U.’s when the air is not 
preheated. 

Since the external radiation loss is taken as zero, the internal radiation loss 
is 254 B.Th.U.’s. 

Hence : Heat lost by gas passing down preheating and decarbonating zone 

-t Internal radiation into this zone from clinkering and decarbonating 
zone 

= Heat required to raise dry slurry to 1,481° F. 

+ Heat required to raise water contained in slurry from 60° to 212° F. 
and transform it into steam at 212° F. 

Hence we get the following heat balance in the lower part of the kiln : — 

(1) The B.Th.U.’s liberated by 11.278 lbs. of combustion gas sinking from 

1,481° to 212° F. arc 

11.27S X 0.2610 X (1481 -212) = 3735.4 B.Th.U.’s. 

(2) Heat evolved from the 4.404 lbs. of COo from the slurry sinking from 

1,481° F. (805° C.) to 212° F. (100° C.). From our tables this equals 

4.404(360.911 -37.483) = 1424.4 B.Th.U.’s. 

(3) Heat liberated when 0.2161 lb. of water vapour in the kaolin at 1,472° F. 

(800° C.) sinks to 212° F. without condensing to liquid water. From 
our tables this will equal 

0.2161(691.779-84.256) = 131.3 B.Th.U.’s. 

(4) The heat liberated when the 0.0908 lb. of water expelled from the 

hydrated silica at 752° F. (400° C.) sinks to 212° F. without con- 
densing to water. This heat will be (from our tables) 

0.0908(336.257 -84.256) = 22.9 B.Th.U.’s. 

(5) Heat radiated from clinkering and decarbonating zone into the pre- 

heating and drying zone is 254 B.Th.U.’s. The quantities of heat 
in (i) and (4) must equal : — 

(<;) The amount of heat required to raise 13.119 lbs. of dry slurry from 
60° to 1,481° F. preparatory to its entering the decarbonating 
zone. This will absorb 5,486 B.Th.U.’s (see Chapter IX.), being 
the weight of clinker x 652.5. 

((5) The amount of heat required to raise x lbs. of water mechanically 
mixed with the 13.119 lbs. of slurry from 60° to 212° F., and 
turn it into vapour at 212° F. This amounts to 

.V X (212 - 60 -i- 970.7) =.v X 1122.7 B.Th.U.’s. 

(c) The amount of heat lost in external radiation in the present case 
is assumed to be zero. 

Hence we obtain the following equation : — 

3735-4 + i4244 + i3i-3+22-9 + 2S4 = S486 + ii22.7.r-to . (i) 

a: = 0.073 lb. of water. 


or 
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This means that under the circumstances speafied, the 13 119 lbs of drj 
slurry may have admixed with it o 073 lb of water, and still the exit gases will 
escape at ara® F 

But 13 119 lbs of dry slurry + o 073 moisture *= 1 3 192 wet slurry, or 13 192 
lbs wet slurry may contain o 073 lb water , or 100 000 lbs wet slurry may 
contain 0 554 lb of water, whi^ tnn be raised to ihe boil from 60® F and 
expelled as steam at 213® F 


§ 5 Modification of the Preceding Calculation when the Entering 
Air IS Preheated to Various Amounts —In the preceding calculation it has 
been assumed that the air has not been preheated bv the issuing clinker Under 
these circumstances, with the given chnker output, the given radiation loss 
would he 354 B Th U ’s, as gnen in Table I , Chapter XXI 

If the air is preheated to different degrees and yet the clinker output per i lb 
of standard coal burnt remains unaffected, the radiation losses must be altered 
Thus the following shows the radiation losses {taken from Table I , Chapter 
XXI ) — 

Output of ihnktr per x lb of standard coal burnt, S 408 lbs 

Temperature of preheated atr 60* F 400® F 3039® F 2500® F 

Corresponding internal radiation losses 

in E Th G ’s 254 1083 5414 4 6733 

If the preceding calculation be repeated and, instead of putting the internal 
radiation losses as “ 254 B Th U s, the other figures from the table of Chapter XXI 
are substituted, we get the possible allowance of water for the cases when the 
air is preheated to various other temperatures 

E g , il the entering air is preheated to 400* F , the internal radiation loss 
IS 1,083 B Th U 's, and we get instead of equation (i) 

3735 4 + 1424 4 + *3i 3 + 22 9 + 1082-5486 + 1122 
or 41— 08106 lb of water 

So that when the air is preheated to 400® F 13 119 lbs of dry slurry may 
have admixed with It o 811 lb of «ater or 13 119 + 0 811 = 13 93 lbs of wet 
slurry may contain 0 81 1 lb of water 

Whence 100 lbs may contain 100 = 5 83 lbs of water, which could be 

13 93 

heated from 60® F to the boiling point and evaporated at 212* F 

Proceeding m this way for different yields of clinker per 1 lb of coal and 
for various degrees of preheating of the entering air, the table on pp 23 6 and 
23 7 has been calculated 

5 6 Remarks on the Table — This table is very instructive as regards 
showing the increase of fuel consumption with an increasing percentage of 
moisture m the slurry, and especially as regards showing the importance of 
preheating the entering atr as highly as possible if it is desired to reduce the fuel 
consumption to the lowest possible limit 

It shows, for example, what will happen when all external radiation from a 
kiln IS stopped 

(a) Consider, for example, the case when the air entering the kiln is not 
preheated at all (/ e , enters at 60® F ) , the results arc set forth m column IV of 
Table I 
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If the kiln output is to be maintained at loo tons of clinker per 11.52 tons of 
standard coal, tlie exit gases being kept at 212° F. (100° C.), then no water at all 
can be mixed with the slurry. 

On adding water to tlie dry slurrj’ so as to make the percentage of moisture in 
the wet slurry 0.554 per cent., we find that this will increase the fuel consumption 
to 11.893 tons of standard coal per 100 tons of clinker (still keeping the exit 
gases at 212° F.). An increase in the slurry moisture to 4.522, 24. 87, 36.96, and 
55.07 per cent, will cause the corresponding fuel consumption to increase to 
12.535, 16.770, 20.855, Jind 30.12 tons of standard coal per 100 tons of clinker, 
respectively. 

(i 5 ) Now consider the case when the entering air is preheated to 400° F., the 
exit temperature of the gases being kept steady at 212 ° F. (too° C.). This case 
is shoMTi in column V. of the table. Here no water at all can be present in the 
shirr}' if the fuel consumption is to be maintained at 10.74 tons of standard coal 
per 100 tons of clinker. 

If water be added to the slurry to bring the percentage up to 1.43 per cent., 
then the fuel consumption will increase to 11.055S tons of standard coal per 100 
tons of clinker. Further increase in succession of the slurr}' moisture to 9.62, 
40.63, and 57.76 per cent, will cause the fuel consumption to increase respectively 
to 12.525, 20.855, find 30.T20 tons of standard coal per 100 tons of clinker. 

(c) Columns VI. and VII. show the effect of arranging the kiln so that a// 
the heat in the ouiconiiiig clinker is utilised in preheating the incoming air (the 
latter being kept at 10.47S lbs. per 1 lb. of standard coal). Then, if we main- 
tained tlie exit gases at 212° F., we see that 20.52 per cent, of moisture in the 
slurr}" would cause a fuel consumption of 10.4384 tons of standard coal per 100 
tons of clinker. 30.58 per cent, of moisture would increase the fuel consumption 
to 13.210 tons of coal per 100 tons of clinker, where 40.50 per cent, of moisture 
would cause the fuel consumption to increase to 16.770 lbs., while 61. iS per cent, 
of slurry moisture would increase the fuel consumption to 30.120 tons of fuel 
per 100 tons of clinker. 

{d) Finally, column VIII. shows the effect of heating all the incoming air to 
the clinkering temperature of 2,500° F. before letting it enter the combustion zone. 

Under these circumstances a fuel consumption of 10.1526 tons of standard 
coal per 100 tons of clinker is possible with a slurry moisture content of 20.90, 
while a fuel consumption of 30.120 tons of standard coal per 100 tons of clinker 
would allow of a slurr}" moisture of 70.06 per cent. 


§ 7. The most important point brought out by Table I., however, is the fact 
that it is not the moisture in the slurry that is iiistrumental in causing the poor 
clinker output per lb. of coal burnt in the tnodern rotary kiln. 

Thus a glance at the table will show that with the entering air preheated 
to 400° F. (which is what may be taken as normal for a modern kiln), the slurr}" 
moisture could be 40.63 per cent, and the fuel consumption would only be 
20.S55 lbs. of standard coal per 100 tons of clinker. 

Seeing that the average modern kiln working with a slurry of this composition 
consumes, say, 33 tons of standard coat per 100 tons of clinker, the enormous 
difference between what the practical kiln consumes and what it should consume 
is certainly not due to the moisture content of the slurry, but must be due to 
other causes, sucli as the ineffective and bad design of the clinkering and 
decarbonating zones. 

The efforts made in recent years to improve the fuel economy of rotaiy" kilns 
by concentrating on reducing the water content of the slurr}" are largely due to a 
faulty grasp of the theoretical thermodynamical principles which govern the kiln. 

The same efforts applied to improve the efficiency of the clinkering and 
decarbonating zones, especially as regards utilising the heat of the outcoming 
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I 

Allow ilie Exit Gases to Escape f rom the Rotary Kiln at 212° F. (100° C.), 
the Kiln Shell being Stopped 


Radiation Losses per i Lb. Standard Coal Burnt (12,600 BsTh.U's per Lb.'). 1 

I 


Lntcrnal Radiation from Clinkering and Decarbonating Zone 

1 into Preheating and Dehydrating Zone. 

External Radiation ! 
from Kiln Shell. i 



Air at Maximum 






Temperature that it can 


From Pre- 

From 

Air at 

Air at 

be Heated to bv Out- 

Air at 

heating 

Cl inhering 

60° F. 

400° F. 

coming 

Clinker 

2,500° F. 

and 

and 1 

Correspond- 

Correspond- 

(see Column VII.). 

Correspond- 

Dehydrat- 

Dccarbonat- 

1 ing Internal 

ing Internal 

Corresponding 

ing Internal 

ing Zone 

ing Zone 

j Radiation. 

Radiation. 

Internal Radiation. 

Radiation. 

to External 

and End 1 

B.Th.U.’s 

B.Th.U.’s 



B.Th.U.’s 

Air. 

of Kiln. 

per I Lb. 

per I Lb. 



per ! Lb. 

B.Th.U.’s 

B.Th.U.'s 

Standard 

Standard 

B.Th.U.’s 


Standard 

per I Lb. 

per I Lb. 

Coal. 

Coal. 

per I Lb. 

Temperature 

Coal. 

Standard 

Standard 



Standard 

Air. 


Coal. 

Coal. 

IX. 

X. 



XIII. 

XIV. 

XV. 




°F. 



1 




(2500) 


... 




4972.0 

(2352) 

5. 403 

... 




5032.0 

(2293^ 

5.651 




247 

5137.0 

(2236) 

5.S9S 




491 

5216.0 

(217S) 

6,142 




730 

5294.0 

(2121) 

6,381 




S28 


(2102) 

6,479 



254 

10S2 

5414.4 

(2039) 

^»733 

... 


63S 

1466 

5532.0 

(1944) 

7i^J7 



loiS 

1S46 


... 

... 



1390 

2218 


... 

... 



1792 

2590 



... 



2131 

2959 



... 



2494 

3322 

6151.0 

(1494) 

S,973 



3213 



... 

... 


... 

35^7 

4395 

6509.0 

(1226) 

10,046 



49-- 

575° 

6963.0 

(SSi) 

J 1 ,401 




while tlicre are X Ihs. of clinker (>.honn in column JI.) iVsuin" at 2,500° F. Thi^ clinker will 
shown in column VI. For list of temperatures corrcspoinlinjj to dilfcrent weights of clinker. 
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cimker to preheat the entering air, could not fail to have produced much greater 
economies 

As shown iboie, the real cause of the tnefRctency 's (he less of high grade 
heat m the upper part of the kiln (due to radiation both internal and external, 
and to convection b\ the hot gases), which escapes unabsorbed down into the 
lower part of the kiln and is wasted meiaporating water or m raising the tempera 
ture cf the exit gases 
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CHAPTER XXIV 

CALCULATION OF THE AMOUNT OF WATER 
WHICH CAN BE RETAINED IN THE SLURRY 
SO AS TO ALLOW THE EXIT GASES TO ESCAPE 
AT 212° F., ALLOWING FOR THE ORDINARY 
EXTERNAL RADIATION LOSSES WHICH 
OCCUR IN A MODERN ROTARY KILN 


§ I . In Chapter XXIII . we calculated the amount of water which could be retained 
in the slurr}- to give a given clinker output per lb. of coal burnt, the exit gases 
being kept at the lowest possible temperature capable for getting rid of the 
steam, viz., 212° F. 

In these calculations it was assumed that the kilns were so carefully insulated 
that all e.xternal radiation from the kiln shell was stopped, so that all that we 
had to contend with was the internal radiation. 

In the following chapter similar calculations are carried out, but in them 
the kiln is supposed to be losing heat by e.xternal radiation to the same amount as 
occurs in actual practice, as shown by kiln measurements carried out by the 
British Portland Cement Research Association during recent years. 

§ 2. It is now necessary to decide on the allowance to be made for radiation. 
In Chapter XX. the radiation losses from the different zones of a modern rotary 
kiln were analysed and were classified as follows : — 

B.Tli.U.’s per i Lb. Standard Coal 
of 12,600 B.Th U.’s Burnt. 


(1) From end sections of kiln ..... 841 

(2) In the clinkering zone . . . ■ . .210 >553 

(3) In the COo expulsion zone ..... 259/ 

(4) In the dehydrating and preheating zone . . . 147 


We may take it, then, that from the hot upper portion of the kiln— above the 
preheating and dehydrating zone — we lose 553 B.Th. U.’s, below 147 B.Th. U.’s, 
for every 12,600 B.Th. U.’s liberated in the kiln when i lb. of standard coal is 
burnt. 

These are the figures which will be assumed in the following calculations 

§ 3 . We must now explain the method of performing the calculations . For this 
purpose we will take a t>T)ical case as an illustration. In Chapter XIV. it was 
sho\vn that corresponding to a flame temperature of 3,500° F. one could produce 
7.570 lbs. of clinker per i lb. of standard coal burnt. In Chapter XVIII. it was 
sho^vm that the following quantities were associated with this weight of clinker 

Weight of dry slurry required to produce 7.570 lbs. of clinker is 11.811 lbs. 

Weight of CO2 expelled from the slurry at 1,481° F. (805° C.) is 3.965 lbs. 

Weight of water expelled from the kaolin at 1,472° F. (800° C.) is 0.1945 Ih. 

Weight of water expelled from the silica at 752° F. (400° C.) is 0.081S lb. 
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The number of B Th U ’s required to raise the slurry required to make 
7 570 lbs of clinker from 60” to 1^81“ F —the temperature of the decarbonating 
2one— IS 7 570 X 652 5 =4939 o B Th U ’s (see Chapter IX ) 

The exit gas temperature is assumed to ^ 2 12® F , and the problem now before 
us is to calculate the maximum amount of water sihich may be added to the 
slurry to maintain the exit temperature at this figure This ire will now proceed 
to do 

(1) The amountofheat liberated by II 278 lbs of combustion gas sinking from 

1,481® to 212® F without any steam condensing is 3735 4 B Th U ’s 
(see Chapter XIX , § 4 («)) 

(2) The amount of heat liberated by 3 965 lbs of COj from the slurry sinking 

from 1,481® to 212® F is (from our heat tables) 3965x323428 
= laSa 4 B Th U ’s 

(3) The amount of heat liberated when o 1945 lb of water vapour expelled 

from thekaolmat 1^472® F smkst02i2®F without condensing to liquid 
water is o 1945 X607 523 = 118 2 B Th U ’s 

(4) The heat liberated when the o 0818 lb of water expelled from the hydrated 

silica at 752® F (400® C ) sinks to 212® F without condensing to water 
will be o 0S18 X 252 001 ttto fi B Th U ’s 

(5) Heat brought into clmkermg zone by preheated air per i lb of coal 

burnt IS 


Temperature 

BTfi IT 

Air ‘r 

Carried i 

60 

0 0 

400 

828 0 

*853 

4642 0 

2500 

6479 0 


(6) From the table of internal radiation, given m Chapter XXI , we get 
external +incemaj radiation from clmkenn? and decarbonating zone 
into preheating and drying zone per 1 lb of coal burnt — 




60 X018+ o « 1018 0 B Th U s 

400 loiS-t- 828 18460 

1853 1018+4642 « 5660 o , 

2500 1018 + 6479 = 74970 

(7) The external radiation from clmkering and decarbonating zone and end 
of kiln per I lb of coal burnt is 553 o B Th U s (assumed as normal 
for a modern kiln) 

(&) The external radiation from preheating and drying zone per i lb of coal 
burnt IS 147 o B Th U ’s (assumed as normal for a modem kiln) 

1,9) The internal radiation from the clmkeni^ and decarbonating zone into 
the preheating and drying zone per i lb of coal burnt is 


latemal 

Radiation 


60 

400 

2500 


1018 553 = 465 o B Th U ’s 

1846 553 “ «93 o 

5660 553 = 5107 o 

7497 553 “ 6944 o .. 


We then have the following equation connecting these quantities (calculated 
on per I Ib of clinker) — 

Quantity of heat lost by gases in sinking from 1,481® to 212 F +quantity 
of heat radiated (or coniected) into the preheating and dehydrating zone 
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■-quantity of heat required to raise the dry slurry from 60° to 1,491° F. +quantity 
of heat required to raise X lbs. of water mixed with the dry slurry from 66° to 
2r2° F. and then turn it into steam at 212° F. 

Equating these quantities, we obtain the following series of equations 

{a) E7tiering Air at 60° F . — 

373S-4't- 1282.4 -H18.2 -1-20.6 +465=4939.0-1- 1122. 7X + 147.0, 
whence X = 0.4771 lb. water. 

Hence 11.811 lbs. of dry slurry may contain 0.4771 lb. HjO ; or 11.811 
+ 0.4771 = 12.288 lbs. wet slurry may contain 0.4771 lb. H2O ; or 100 lbs. wet 
slurry may contain 3.883 lbs. HjO. 

( 3 ) Entering Air ai 400° F".— Here the internal radiation is 1,293 B.Th.U.’s 
instead of 465. Performing the same calculation as before, we get X = i.2i5 lbs. 
of water, or 100 lbs. of wet slurry may contain 9.326 lbs. HjO. 

(c) Entering Air at 1,853° F. — Here internal radiation is 5,107 B.Th.U.’s, 
and we get X = 4.612 llrs. of water, or 100 lbs. of wet slurry may contain 
28.08 lbs. of water. 

(</) Air at 2,500° F. — Here internal radiation is 6,944 B.Th.U.’s, and we get 
X = 6.248 lbs. of water, or 100 lbs. of wet slurry may contain 34.60 lbs. of water. 

§ 4. By repeating this calculation for all the weights of clinker given in 
Table I., column (3), Chapter XIV., and the associated weights of dry slurry, 
carbon dioxide, etc., given in Chapter XVIII., Table I., we get a series of values 
which are set forth in Table I. 

§ 5. Comments on the Table. — A study of this table shows that in general 
the remarks made on the similar table in the preceding chapter can be applied 
to this table as well, the external radiation being not sufficient in amount to 
effect the character of the data. In an average rotary kiln the entering air may 
be taken as being preheated to 400° F. By looking at column V. of the table it will 
be seen that if a rotary kiln be fed with slurry containing 38.24 per cent, of 
moisture and the exit gases escaped at 212° F., the fuel consumption of a properly 
designed kiln should be only 20.855 tons of standard coal per 100 tons clinker, 
against 30 to 33 tons in the ordinary kiln. 

A kiln consuming 30.120 tons of standard coal could bear a slurry moisture 
as high as 52.40 per cent. 

It is obvious, therefore, that it is not the amount of moisture in the slurry which 
is the effective agent in increasing the fuel consumption of a kiln to the neighbour- 
hood of, say, 30 to 33 tons of standard coal per 100 tons of clinker, but some other 
cause is at work. This, in the preceding chapters, has been traced to the leakage 
of high-grade heat (i.e., B.Th.U.’s available above 1,481° F.) from the hot part 
of the kiln to the colder parts without performing useful work in its passage. 

Hence improvements in the efficiency of the rotary kiln must be looked for 
not so much in reducing the moisture in the slurry as hi increasing the efficiency 
of the kiln in the hotter regions. 

§ 6. Limit of Waste-heat Boiler. — Another point which is brought out by 
the table is the limits of the possible use of the waste-heat boiler, the kiln being 
supposed to lose heat by external radiation at the ordinary rate prevalent in a 
rotary kiln at the present time. Unless the exit gases can escape at a higher 
temperature than 212° F., they cannot generate steam at a technically useful 
pressure when passed through a boiler. 

Since the table gives the maximum amount of water in the slurry which just 
allows the gases to escape at 212° F., we can see at once what limits are set to 
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Table 

Showtng the Amount of Water whch can be Retained tn Slurry so as 
(ioo“ C ), Allowing the Same External Radiation from 


j^ir Supply 10 47S Lbs 
per I Lh Standard Coal 
eflzfiooB Tk U's 

MoMmum Ptrcenlage Slurry Shislure which Fnahles 
an Exit Temperature of F to be Maintained with 

Atr Enlertag the Kiln Preheated to the poUoning 
Temperatures 

Clinker Produehan 

Temper! 
tore of 
Fxit 
Gases 

111 

Air at 
60" F 

sponding 

Slurty 

Moisture 

IV 

Air at 
400® r 
Corre 

Atr at Maximum 
Temperature that it 
can be Heated to by 
Outcaming Clinker • 

2,500® F 

vnr 

Tons of 
Standard 
Coal per 
too Tons 
Clinker 

I 

Clinker 
per lib 
Standard 
Coal 
Burnt 

JI 

Slurry 

Moisture 

V 

sponding 

Slurry 

Moisture 

VI 

Tempera 

Vll 



•F 




®F 


II S93 

840S 

212 

0000 

140 

2357 

^20J9) 

2$ 46 

12 525 

7 984 

212 

0000 



(i?44) 

3* S3 

13 

7 570 

212 

3883 

‘>$26 


0«53> 


13957 

7 165 

212 

3 03 

1328 

3043 

1764} 

37 84 

14 791 

6 761 

212 



3* 89 

■«74 

4072 

13726 

6359 

212 

1657 

21 43 

35 43 

1584 

43 83 

16770 


212 

2089 



(1494) 

40 92 

17960 

5 5-58 

212 


2976 

40 78 

(1403) 

5008 

19 3« 

5 ]8i 

212 




*315) 

53 

20 835 


212 


38 24 

4^ 

1226 

50 37 

22 660 


212 

3881 


4960 

**37 

59 SS 

24 801 

4032 

212 


4697 

32 So 

iw 

62 77 



212 


47 44 


1041 

63 >0 

25 278 


212 

4440 



(1033) 




212 




•024) 



3 882 

212 


4870 


1015^ 


26 021 


212 


49 20 


)ioo6) 


26 274 

3 806 

212 




(997) 




212 




(988) 

6300 

26 802 


212 




(979) 




212 




{970) 

65 70 


3 636 

212 


51 40 

56 >5 

(962) 

66 00 

27 632 


212 

48 60 

51 80 


(953) 


27 9*7 

3 582 

212 


5*30 

56 & 

(944) 

66 60 

28 209 











5^00 


57 50 

(926) 


28 827 




5370 

57 90 








58 20 







5460 

58 50 

(S99) 


29 771 



51 90 

5500 

5890 


08 6u 



212 



59 20 





212 



5960 





212 


0040 

63 20 





212 

62 60 

6300 

66 90 

(694) 







7090 




I 824 

212 

72 60 

7440 

7500 

(5«6) 


70 126 

I 466 

212 



7940 

(428) 








(340) 







88 70 

(252) 



0411 



9400 

93 70 

(164) 



0063 

212 


9900 

9900 



Infinite 

0 000 

212 


100 00 

10000 


lUWW 








— J 


* There are lo 47S lbs of air at 60* F entenng the kiln per l lb 
then l)c capable, under the most foaouraUe conditions of heating the 
Chapter X\ I 


of standard coal burnt, 
air to the temperatures 
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I 


io Allow the Exit Gases to Escape from the Rotary Kiln at 212° F. 
the Kiln Shell as Occurs in a Modern Rotary Kiln 


Radiation Losses per I Lb. Standard Coal Burnt (12,600 B.Th.Uds per Lbii), 

Internal Radiation from Clinkering and Decarbonating 

External Radiation from 

Zone into Preheating and Dehydrating Zone. 

Kiln Shell. 

Air at 
60° F. 
Corre- 
sponding 
Internal 
Radiation. 

Air at 
400° F. 
Corre- 
sponding 
Internal 
Radiation. 



From Pre- 
heating and 
Dehydrating 
Zone and End 
of Kiln to 
E.xternal Air. 


Temperature that it can 
be Heated by Outcoming 
Clinker (see Col. VII.). 
Corresponding Internal 
Radiation. 

Air at 
2,500° F, 
Correspond- 
ing Internal 
Radiation. 
B.Th.U.^s 
per Lb. 
Standard 
Coal. 

From Clinker- 
ing and 
Decarbonat- 
ing Zone and 
End of Kiln. 
B.Th.U.'s 
per I Lb. 
Standard 
Coal. 

B.Th.U.’s 
per I Lb. 
Standard 
Coal. 

B.Th.U.’s 
per 1 Lb. 
Standard 
Coal. 

B.Th.U.’s 
per Lb. 
Standard 
Coal. 

Temperature 

Air. 

B.Th.U.’s 
per I Ld. 
Standard 
Coal. 

IX. 

X. 

XI. 

XII. 

XIII. 

XIV. 

XV. 


529 

4S6I 

°F. 

(2039) 

6,iSo 

553 

147 

Ss 

9'3 

4979 

(1944) 

6,564 

553 

147 

465 

1293 

5107 

(1S53) 

6,944 

553 

147 

S37 

1665 

5234 

(1764) 

7,316 

553 

147 

1209 

2037 

5356 

(1674) 

7,688 

553 

147 

1578 

2406 

5479 

(1584) 

8.057 

553 

147 

1941 

2769 

559S 

(1494) 

8,420 

553 

147 

2304 

3132 

5716 

(1403) 

8,783 

553 

147 

2660 

348S 

5S37 

('3"5) 

9,139 

553 

147 

3014 

3S42 

5956 

(1226) 

9,493 

553 

147 

3366 

4194 

do73 

(”37) 

9,845 

553 

147 

37IS 

4543 

6186 

(1047) 

10,194 

553 

147 

37SI 

37SS 

4579 

6207 

(1041) 

10,230 

553 

147 

46:3 

6220 

(1033) 

10,264 

553 

147 

3S19 

4647 

6230 

(1024) 

10,298 

553 

147 

3S53 

4681 

6241 

(1015) 

10,333 

553 

147 

3SS9 

4717 

6254 

(1006) 

10,368 

553 

147 

3923 

475* 

6264 

(997) 

10,402 

553 

147 

3957 

4785 

6275 

(9S8) 

10,436 

553 

147 

3992 

4820 

6287 

(979) 

10,471 

553 

147 

4027 

4855 

6298 

(970) 

10,506 

553 

147 

4061 

4SS9 

6312 

(962) 

10,540 

553 

147 

4095 

4923 

6322 

(953) 

10.574 

553 

147 

4129 

4957 

6333 

(944) 

lo,6oS 

553 

147 

4163 

499 1 

6344 

(935) 

10,642 

553 

147 

4198 

5022 

6355 

(926) 

10,677 

553 

147 

4232 

5060 

6366 

(9'7) 

10,711 

553 

147 

4266 

5094 

63S2 

(910) 

10,745 

553 

147 

4300 

5128 

6387 

(S99) 

10,779 

553 

147 

4334 

5162 

6401 

(S91) 

10,813 

553 

147 

4369 

5197 

6410 

(881) 

10,848 

553 

147 

4403 

5231 

6421 

(872) 

10,882 

553 

147 

4742 

5570 

652S 

(7S1) 

11,221 

553 

147 

5078 

5906 

6642 

(694) 

11,557 

553 

147 

5412 

6240 

6752 

(60s) 

11,891 

553 

147 

5743 

6571 

6859 

(516) 

12,222 

553 

147 

6072 


6969 

(428) 

12,551 

553 

147 

639S 

7226 

7078 

(340) 

12,877 

553 

147 

6721 

7549 

7186 

(252) 

13,200 

553 

147 

7041 

7S69 

7292 

(164) 

13,520 

553 

147 

7359 

8187 

7446 

(76) 

13,838 

553 

147 

7972 


7972 

(60) 

14,451 

553 

147 


while there are X lbs. of clinker (shorvn in column II.) issuing at 2,500° F. This clinker will 
shown in column VI. For list of temperatures corresponding to different weights of clinker, see 
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the use of a waste heat boiler when the entering air is preheated to different 
amounts 

For example, a kiln with a fuel consumption of ii 893 tons of standard coal 
per 100 tons of clinker could not hate any water in the slurry if the air was pre 
heated to only 60'' F If the air was preheated to 400° F , however, a limit to the 
moisture in the slurry would he i 40 per cent If the slurrj contained less moisture 
than this, a little steam could be generated 

If, however, the entering air be preheated to the maximum possible amount 
bj the outgoing clinker, the slurry could contain 23 57 per cent of moisture, 
md yet the gases could escape at 212“ F , so that this slurry moisture sets a limit 
to the emploj-ment of the waste heat boiler here The slurry moisture must be 
belozv 23 57 per cent before the waste heat boiler could be used 

In the ordinary rotan kiln as it exists at the present time, we may consider 
that the slurry moisture is about 40 per cent and the entering air is preheated to 
400® F Looking at column V of the table, we see that when the slurry moisture 
is 38 24 per cent and the air enters at 400® F , the fuel consumption would 
be 20 855 tons of standard coal if the exit gases escaped at 212® F So 
that under practical conditions a kiln working with a fuel consumption of 
21 tons of coal per 100 tons of clinker and a slurry moisture of 40 per cent could 
not under anj circumstances permit of the application of a waste heat boiler 
as the temperature of the exit gases would be too low 

If the amount of water in the slurr> 1$ reduced below 40 per cent (other thing# 
being held equal), the exit temperature could increase above 212* F , and under 
such conditions an extension of the range over which the waste heat boiler can be 
applied 18 possible Even here, however, the range of possible extension is not 
great, as will be seen later 
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CHAPTER XXV 

CALCULATION OF THE EXIT TEMPERATURES 
OF THE GASES FROM ROTARY KILNS WHEN 
THE SLURRY MOISTURE VARIES BETWEEN 
o AND 40 PER CENT., BUT THE ENTERING 
AIR IS PREHEATED TO VARIOUS DEGREES, 
ALLOWING THE SAME EXTERNAL RADIA- 
TION FROM KILN SHELL AS OCCURS IN 
AN ORDINARY ROTARY KILN 


§ I . It is important to calculate the exit temperatures of the gases issuing from 
cement rotary kilns when they use a slurry containing different percentages of 
moisture. 

Such a series of calculations have been carried out below for slurries contain- 
ing 40, 30, 20, 10, and o per cent, of moisture, the entering air being supposed to 
be preheated to different amounts, as set forth in Tables III., IV., V., VI., 
and VII. below. 

§ 2. In order to e.xplain the method of calculation, a typical case will be 
worked through. 

The figures we will work through will range from 4.413 to 1.466 lbs. of 
clinker per i lb. of coal, with a slurry containing 40 per cent, of moisture. 

We will work out in full a typical calculation for the case of 4.413 lbs. of 
clinker, and give in the form of a table the data for the other quantities. 

§ 3. In the following typical case the amount of clinker produced per i lb. of 
standard coal burnt is taken as 4.4r3 lbs., corresponding to a flame temperature 
of 2,700° F. (see Chapter XIV., Table I.). 

Then we have the following associated quantities (see Chapter XVII., Table I.) 
per I lb. of standard coal burnt in the kiln : — • 

Clinker, 4.413 lbs. 

Slurry, 6.886 lbs. 

COz expelled from slurry is 2.312 lbs. 

H^b expelled from kaolin at 1,472° F. (800° C.) is o.ir34 lb. 

HyO expelled from silica at 752° F. (400° C.) is 0.0477 lb- 

^.T/r.f/.’rrequired to heat 6.886 lbs. of slurry from 60° to 1,481° F. are weight 
of clinker X 652.5 = 2,880 B.Th.U.’s. The wet slurry contains 40 per 
cent, of moisture. 

It is required to calculate the exit temperatures of the issuing gases when the 
ro.478 lbs. of entering air are preheated to various temperatures by the issuing 
gases. 
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§ 4 We ha\e now the following relationship — 

(1) 6o lbs of dr) slurrj arc mixed isuh 40 lbs water in 100 lbs wet 

slurry 

Hence 6 8S6 lbs of diy slurry are mixed with 4 591 lbs of water 

(2) The exit gas temperature T* F is known by a prehmman calcula 

tion to lie between 300® and stz^ F 

(3) The mean specific heat of the gases of combustion between 1,481® 

and 300° F IS o ’624 The mean specific heat of the combustion 
gas between sis* and 300® F is, from our tables (see Chapter \I ) 

2 

(4) The B Th U ’s liberated by ii 278 lbs of combustion gas sinking 

(a) from 1,481“ to 300“ F , (i) from 300“ to T“ F are 

II 278x0 2624x1181 +11 278x0 24335(30® -T) 

^3-tM S + * 7-\6S(ioo-T) 

(«;) From our tables the instantaneous specific heat of CO, at 300“ F 
IS o 3219 and the instantaneous specific heat of COi at 200“ F 
IS 0 3144 

Hence the mean specific heat of COj between 300“ and 200“ F i» 
i(o 3319'i-o '>[44) 021815 

(6) The B Th U ’s liberated b> s 312 lbs of COg sinking from 1,481“ 

to 300* F , and then from 300“ to T“ F are, from our tables 

2 312(360 911-56 912) + 2 312x0 21815(300 -T) 
>=7028+05044(300 T) 

(7) The instantaneous specific heat of water rapour at 300* F is 

o 4665 and at 200“ F is 4 4670 

Hence the mean specific heat between 200® and 300“ F is 0 46675 

(8) The B Th U ’s liberated when o 1134 lb of water expelled from 

the kaolin at i 473“ F sinks first to 300“ F and then from 300“ 
toT“F are 

o 7134(69^ 679-1-5 323) +0 1134x0 46675(300 -T) 

= 64 2 + 0 0339(300-T) 

(9> The B Th U ’s liberated when the o 0477 lb of water expelled 
from the h)drated silica at 75-“ F (aj sinks to 300“ F , (tf/ inci 
then from 300“ to T“ F arc 
o 0477(336 257 - I2S 323) +0 0477 xo 46675(300 - T) 

= 10 1+0 0223(300 -T) 

(10) The B Th U ’s required to raise 4 591 lbs of water in sluny from 

60“ to 212“ F , gasify it at 212“ F , and heat the steam from 
212“ to T“ F are 

4 591 X 1122 7+4 soixo 4667S(T-212) 

= 5*54 3+2 I428(T-213) 

(11) The internal radiation from the clinkenng and decarbonating zone 

into the preheating and drying zone ner i lb of coal burnt is 
gi\ en by the following table — 
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ROTARY KILN 

Table I 

Temperature 

Radiation in 

Entering Air. 

B.Th.U.'s. 

°F 


60 

3366 

TOO 

3366 + 96.5 

200 

3366+ 33S.0 

300 

3366+ 582.0 

400 

3366+ 828.0 

500 

3366+1076.0 

600 

3366+1327.0 

700 

3366+1579.0 

Soo 

3366+1S34.0 

900 

3366+2090.0 

1000 

3366+2349.0 

1137 

3366+2707.0 

2500 

3366+6479.0 


(12) The external radiation from tlie preheating and drj-ing zone per 

I Ib. of coal burnt is taken as 147 B.Th.U.’s. 

(13) Hence tre have the folloiving- series of equations for determining the 

exit temperatures T : — 

(a) Case luhere air enters at 60° F. 

3494-5 + 2 .7468(300 - T) 4- 702. 8 + 0.5044(300 - T) -i- 64.2 +0.0529(300 - T) 

+ 10. 1 +0.0223(300 -T) +3366.0 = 2880 + 147+5154.3 + 2.I428(T - 212), 

whence = 166.2° F. 

5.4692 

(i) Case where air enters at 100° F. 

Ever}- quantit}- will be the same in the above equation, except 
that the internal radiation will have increased from 3366 to 
3366+96.5 (see (ii) above). This will increase T° to 

T = 95Sd±^ = ,S3.7° F. 

5-4692 

(e) Case where air enters at 200° F. 

Here ever)+hing will be the same, except that the internal radiation 
will have increased from 3366 to 3366 +33S, and hence 

T- 908 - 4 + 338 ,,,^ g° F. 

5 -4692 

{d) Air entering at 300° F. 

T- 9 o 8-4 + 582 _,^, F. 

5 -4692 

(e) Air entering at 400° F. 

m 908.4 +S28 O 17 

T = 2 — =327-4 k. 

5-4692 

( f) Air entering at 500° F. 

908.4 + io76 _^g^ go 

5.4692 

{g') Air entering at 600° F. 

T = =408.8° F 

5.4692 
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(h) Air enuring at 700® F. 

T^?h84^ 

s 4692 

(0 Air entering at 800“ F. 

T^?q8 4 + 18,4 0^ 

5 4692 

(j) Air entering at 900® F. 

T-? 2 il+iSS ?_548 =” F. 

54692 

{k) Air entering at 1,000® F. 

T=?o84±£^=5 o p 

5 4692 

(/) Air entering at 1,137® 

T=?2il±^=66i® r. 

54692 

(m) Air entering at s, $00“ F. 

T. 9 ° 84 ^ 479 .,^,,..r 
5 4692 

§ 5 Dy repeating this calculation for each of the various amounts of clinker 
contained in Chapter XIV , Table I , column (3), and repeated m column 
(2) of the table on p 25 5, the following Table III results for a slurry containing 
40 per cent of moisture 

Tables IV , V , Vf , and Vlf for slurries containing successnely 30, 20, 
10, and o per cent of moisture are calculated m precisely the same manner 
from the same data, allowing for the diminished amounts of moisture in the 
slurry 

§ 6 By interpolation the exit temperatures appertaining to any other degree 
of moisture can be easily calculated from the results given in Tables III , 
IV , V , VI , and VII For example, a slurry is used containing 45 per cent 
of moisture What will be the exit temperature when the entering air is preheated 
to 400® F if the kiln is consuming 28 209 tons of standard coal per 100 tons of 
clinker produced t 

Referring to Tables III , IV , V , VI , and VII below, and looking up the 
data appertaining to a coal consumption of 28 209 tons per 100 tons clinker with 
the entering air preheated to 400° F (which is about what is normal in an ordinary 
kiln), we get the table on p 25 5 

We can now proceed in several different ways in order to obtain the required 
result 

For example, by plotting the slurry moisture against the exit temperatures 
we get a continuous curve from whu^ may be read off the exit temperature 
corresponding to any given slurry moisture 

For the particular case of 45 percent of moisture, the result, as read off from 
the curve, is 560® F. 

It IS more accurate to calculate hy interpolation. For example, referring to 
Table II , an increase m the slurry moisture by 10 per cent (viz , from 30 to 
40 per cent ) lowers the exit temperature by 405 4® F (viz , from 1169 0° to 
763 6® F,), hence an increase in slurry moisture by 5 per cent would lower the 
exit temperature by —x 405 4 = 202 7® F So that the exit temperature 
corresponding to 45 per cent moisture would be 7^3 6° - 202 7° F =560 9® F. 



THE CEMENT ROTARY KILN 

Table II 


25-5 


(t) 

Slum* 

Moisture. 

(2) 

Exit 

Temperature. 

(3) 

1st Difference. 

( 4 ) 

2nd Difference. 

(5) 

3rd Difference. 

*^3 

( 6 ) 

4th Difference. 


°F. 

°F. 

“F. 

°F. 

°F. 

j 0 

2293,8 







-356-3 




10 

1937.8 


— 20.0 





-376 5 


+ 4.7 


20 

1561.0 


-15.5 


- 2.6 



-392.0 


+ 2.1 


30 

1169.0 


-13-4 





-405.4 




40 

763.6 






This method is accurate enough for all practical purposes. Should, however, 
even greater accuracy be desired, we can use Newton’s interpolation formula, 
and so obtain any degree of approximation desired. 

The general formula is * 


1.2 1.2.3 

^ A-.(.V-l)(.V-2)(.V-3) ^ ^ 

I . 2 . 3 .4 ■* 


Hence, referring to our Table II. 


or 


<1=40 per cent., » = io, a+.vr<;=4S ; .-. xw = 5, 

.v = o.5. Aj, Aj, etc., are the ist, 2nd, and 3rd differences, 
/(a) =763.6" F. 


Substituting in our formula 

/(45°) = 763 -6° + 0.5 X ( - 405.4) + ( - 13.4) 

, (o.5)(o.5-t)(o.5-2) ( + , 

1.2.3 

, (o.5)(°-5-t)(o.5-^)(o.5-3) / _ . gN 

I . 2 . 3 . 4 

= 763.60-202.70 + 1.67+0.13+0.10 
= 562.8" F. 

Now, take a slightly more difficult case. Suppose that we wish to calculate 
the exit temperature corresponding to 43.7 per cent, moisture, all other conditions 
being the same as in the previous example. Then 

<2=40, w = io,/(<i+a; . w)=/i43.^), and since <z + .vw = 43.7, .-. xw-^.y, 


* See Whittaker, " A Short Course in Interpolation,” 1923, pp. 5, ii. 
II 
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Hence, substituting m the fonnula 

/(43 7) = 763 « + o 377(-4'>5 4) + - (-134) 

, (o 37 ?Ko 377-0(0377 -2) . 

123 \ i 

^ (o 377)(o 377 - »)(<> 377 - 2)(o 377 -3) 

* 2 3 4 ^ 

= 763 60-152 S3+I 57+0 13 + 0 23 
= 612 7® F 

If only the ist differences were used the figure would become 763 60-152 S3 
= 610 77° F , which IS close enough for practical purposes 

It will therefore be seen that the given tables afford enough data to make an) 
necessary calculation regarding the esit temperature appertaining to an> required 
slurry moisture with a kiln possessing inv given coal consumption per 100 tons 
clinker 

§7 Comineiits on Table III for 40 per Cent Slurry Moisture— It 
will be noticed that the exit temperature obtained corresponding to a kiln burning 
30 12 tons of standard coat per 100 tons of clinker produced is S91 7* F if the air 
IS preheated to 400® F , and 792 7® F if the air is only preheated to 200® F 
These correspond closely to the exit temperatures observed m practice 

The fact that the exit temperatures so calculated do in fact correspond to 
those obtained m actual practice shows that the lheor> underlying the calculations 
is correct, and that therefore any deductions made from that theory should hive 
due weight attached to them 

Now, very important deductions os regards lo&ses of heat by internal and 
external radiation are based upon the theory 

So that the results obtained in this chapter furnish an additional proof of the 
correctness of the causes deduced above for the inefficiency of the modern rotary kitn 
These causes were, it will be remembered the excessive interruil radiation 
from the hotter part of the kiln to the colder pans the moisture m the slurry 
playing onh 1 subordinate pan m the loss of economy 

Hence the moral pointed out by the table is that the correct way to abolish 
inefficiency of the kiln is to concentrate on making the hot end of the kiln most 
efficient and not to worry unduly about the slurry moisture 

§8 Comments on Tables III, IV V VI, and VII— It will be 
noticed that the mam effect of reducing the slurry moisture keeping other factors 
the same is to increase the exit temperatures of the issuing gases 

Thus a kiln consuming •’8 206 tons of standard coal per 100 tons clinker, 
with entering iir preheated to 400® F will gne an exit temperature of 764® F 
w ith 1 40 per cent slurry moisture but if the moisture is cut down to 30 per cent , 
the exit temperature will nse to 1,169® F and if the slurry is fed m dry the exit 
temperature will rise to 2 294® F , as set forth in the senes of tables 

§ 9 Hence the mam effect of reduang the moisture m the slurry is to increase 
the amount of steam producible by the exit giaes when the latter are passed 
through a waste heat boiler 

The amount of clinker produced per i lb of coal burnt depends so largely 
upon the efficiency of the hot end of the kiln that in general a reduction in the 
amount of moisture in the slurry will not produce the expected increase tn the 
amount of clinker 

The amount of clinker produced per i lb of coal burnt depends entirely (is 
we have seen) upon the number of B Th U 's available in the hot gases aiiTf 
1,481° F , and not at all upon the amount available below, so that the mam factor 
governing the clinker output is the efficiency of the ho end of the kiln 
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§ 10. The tables also indicate the utmost limit of application of a waste-heat 
boiler to a kiln fed with slurries containing different percentages of moisture. 

It is obvious, for example, that before a waste-heat boiler can be utilised the 
exit gases must escape at a higher temperature than 212° F. (100° C.) — the boiling- 
point of water. 

Now, by looking at the successive tables, we can at once see the limits of 
application of the boiler. Thus, referring to Table III. for 40 per cent, slurry 
moisture, we see that if we could so improve the efficiency of the hot end of the 
kiln that it consumes 20.885 lbs. of standard coal per too tons clinker, the entering 
air being preheated to 400° F., then the exit temperature is only 142.3° F.— not 
high enough to raise any steam. 

So that it will be impossible to fit usefully a waste-heat boiler to a kiln fed 
with 40 per cent, slurry when its coal consumption drops to about 21 tons of 
standard coal per 100 tons of clinker. Here the entering air is preheated to 
400° F. If the clinker gave up all its heat to the entering air (see column XIV., 
Table III.), which enters preheated to nearly 1,500° F. (see column XV., 
Table III.), so that the kiln was working in an ideal manner, the limit would 
be shifted to between 16.770 and 17.960 tons of standard coal per 100 tons clinker, 
for the exit temperature would, in the first case, be 126.7° F., and in the second 
case 246.8° F. — too low for exit heat boilers. 

The case is somewhat more favourable when the slurry moisture is reduced. 

Thus, assuming that the entering air is preheated to 400° F., we see by Table IV. 
that when the slurry moisture is 30 per cent, the exit temperature is at 217.7° F. 
when the fuel consumption is 17 .960 tons of standard coal per 100 tons clinker ; with 
20 per cent, slurry moisture the corresponding figures are 265.6° F. for a fuel 
consumption of 15.726 tons of standard coal. 

For 10 per cent, moisture, 336.1° F. for 13.957 tons of standard coal, and for a 
perfectly dry kiln (o per cent, moisture) we get an exit temperature of 344.7° F. for a 
fuel consumption as low as 11.893 tons of standard coal per 100 tons of clinker. 

Hence there is a considerable prospect of extending the use of the waste- 
heat boiler by reducing the slurry moisture. The limits of the use of the 
waste-heat boiler are marked on the tables. 

§ II. Upper and Lower Higher Limit of Exit Temperatures.— It 
will be noticed that the calculations of exit temperatures are not given below 
that appertaining to a kiln consuming 70.126 tons of standard coal per 100 tons 
of clinker produced {i.e., 1.466 lbs. of clinker per 1 lb. of standard coal burnt 
in kiln). 

The reason is that these temperatures are impossible to realise in practice 
and for the following reason. 

In order that clinker should be produced at all, a clinkering temperature of at 
least 2,000° F. is necessary, and even then formation of clinker at these tempera- 
tures will require a very long time. 

By turning to Chapter XIV. we see that a low efficiency such as would yield 
clinker at approximately the above rates will correspond to a flame temperature 
in the clinkering zone lower than that at which clinker can be produced. So that 
when the inefficiency of the kiln falls below a certain value, no clinker at all is 
produced. It is certain that a kiln burning 70 tons of coal per ton of clinker 
would probably only turn out underburnt clinker, and therefore any deductions 
regarding the exit temperatures of such a kiln arc imaginary. 

In other words, just as there exists a definite upper limit to kiln efficiency 
(6.36 ions of standard coal per 100 tons clinker), so also there exists a definite 
lower limit to kiln efficiency, the last being reached when the ijiefficicncy of the 
hot zone is so poor that the clinkering temperature is not attained. 

jyjgie . — These tables are calculated from cxtcrpolated values of specific heats, 
and therefore can only be regarded as sufficiently accurate for worl;s engineers. 
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Table 


Showing Ike Lxft Temperatures of the Gases Issuing from a Rotary Attn when 

ts Preheated to Various Degree 
Atr Supply ~io 478 lbs. per i lb of standard coal of 12,600 B Th U ’s 


Clinker P 

Tons of 
SCandard 
Coal per 
100 Tons 
of 

Clinlcer 

I 

'oduetioH 

Lbs of 
Clinfeer 
per I Lb 
of 

Standard 

Coal 

II 

Entering 
Air at 
60' r 
Corre 
spending 
Exit 
Temp 

lit 

Entering 
Air at 
100- F 
Correspond 
ing Exit 
Temp 

IV 

Entering 
Air at 
200® F 
Correspond 
ing Exit 
Temp 

V 

Entering 
Air at 
300“ r 
Correspond 

VI 

Entering 
Air at 
400“ F 
Correspond 
mg Exit 
Temp 

VII 

Entering 
Air at 
500“ F 
Correspond 
mg Exit 
Temp 

VIIl 



'P 

•F 

“F 

®F 

‘F 

®F 

ir 893 

8 408 







525 

7 9»4 







13 aio 

7 570 







n 957 

7 165 







14 791 

6 761 







15 736 

6359 



Limi 

s of Was 

e Heat I 

Oiler 

16 770 

5983 







17 960 

SS68 







19301 

5 181 







JO 855 

4 795 



56 4 

99 0 

142 3 

185 R 

22 660 

4 413 

166 2 

1837 

227 9 

272 s 

3274 

3628 

24 801 

4 032 

349 5 

3678 

423 7 

461 I 

506 9 

554 r 

2S 044 

3 993 

3686 

3R70 

43» 8 

479 * 

526 0 

573 I 

35 278 

3 956 

487 0 

405 5 

452 ^ 

498 3 

545 3 

59* 7 

35 SI7 

3 929 

405 5 

4240 

4703 

SI7 2 

564 » 

612 4 

ss 760 

3883 

4254 

444 0 

490 5 

S37 5 

584 8 

63* 5 

26 021 

3 843 

445 3 

464 0 

5107 

557 9 

60s 5 

6SU 

26 274 

3 806 

464 7 

483 5 

510 4 

577 8 

625 5 

6738 

26532 

3 769 

482 9 

501 7 

548 s 

595 9 

643 7 

691 8 

36 802 

3 731 

500 8 

5296 

5664 

613 7 

661 4 

7096 

27 078 

3 693 

522 5 

542 3 

5882 

6358 

6838 

73* I 

27 352 

3 656 

539 9 

5586 

60s ^ 

653 2 

700 8 

749 3 

27 632 

3 619 

559 7 

5786 

6259 

673 8 

721 6 

7702 

27 9>7 

3 582 

580 0 

598 9 

646 3 

694 2 

742 6 

791 2 

7S 700 

3 545 

600 2 

619 2 

6669 

725 0 

763 6 

S12 <; 


3 507 

621 4 

640 5 

688 4 

736 7 

785 6 

8348 

28 827 

3 460 

642 4 

6616 


7583 

S07 4 

856 7 

29 137 

3 432 

663 4 

682 8 

731 * 

780 0 

829 2 

8790 

29 455 

3 395 

681 5 

700 8 

749 2 

797 9 

847 0 

896 6 

29 771 

3 359 

702 3 

721 7 

770 2 

819 2 


918 s 

30 120 

3 320 

724 7 

744 2 

792 9 

842 2 

891 7 

941 9 

30 460 

3 283 

746 4 

766 0 

8fS 0 

864 4 

924 3 

964 5 

34 30s 

2 925 

8S9 8 

910 0 

960 0 

loio 0 

1061 0 

1112 0 

39 246 

2 549 

12180 

1240 0 

22930 

2347 0 

1402 0 



2 i8s 

2483 5 

1506 0 

1562 0 

1619 0 

1676 3 

17340 


I 824 

1740 0 

1763 0 

1821 0 

1880 0 

19390 

1999 0 

70 126 

I 466 

20630 

20S8 0 

2149 0 

2211 0 

2273 0 

2337 0 



THE CEMENT ROTARY KILN 


25.9 


III 


Ihe Slurry Moisture is Retained Constant at 40 per Cent., hit the Entering Air 
by the Outgoing Clinker 

per lb. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


’Entering 
Air at 
600° F. 
Correspond- 
ing Exit 
Temp. 

IX. 

Entering 
Air at 
700^^ F. 
Correspond- 
ing Exit 
Temp. 

X. 

Entering 
Air at 
800° F. 
Correspond- 
ing Exit 
Temp. 

XI. 

Entering 
Air at 
900° F. 
Correspond- 
ing Exit 
Temp. 

XII. 

Entering 
Air at 

1 ,000° F. 
Correspond- 
ing Exit 
Temp. 

XIII. 

Entering Air at 
Maximum Temp, 
to which it can be 

Preheated by Out- 

coming Clinker. 

Entering 
Air at 
2,500° F. 
Corre- 
sponding 
Exit 
Temp. 

XVI. 

Corre- 
sponding 
Exit 
Temp, 
of Gas. 

XIV. 

Maxi- 
mum 
Temp. 
of Air. 

XV. 

°F. 

0 

... 

°F. 

“F. 

°F. 

“F. 

°F. 

°F. 








IOI .2 








246.6 







1584 

401.5 






126.7 

1494 

566.0 




32-9 

74.8 

246.8 

1403 

743-0 

63-5 

105-9 

148.9 

191.9 

235-5 

374-8 

1315 

930.5 

229.8 

274.0 

318.7 

363-5 

408.9 

524.6 

1226 

1133-0 

408.8 

454.8 

501.5 

548.2 

595-4 

661.0 

1137 

1351-0 

601.7 

649-7 

698.1 

746.0 

796.0 

819.1 

1047 

1581.0 

620.7 

668.6 

717.1 

765-7 

814.9 

835-3 

1041 

1399-0 

640.7 

688.8 

737-6 

786.5 

836.6 

852-4 

1031 

1625.0 

660. 5 

708.8 

757-7 

806.8 

856.4 

867.6 

1024 

1647.2 

680.8 

729-3 

778.4 

827.7 

877.6 

885.2 

1015 

1673.0 

701.9 

750.7 

800.0 

849-5 

899.6 

902.8 

1006 

1698.0 

722.6 

771.5 

821.1 

870.8 

921.1 

919-5 

997 

1723.0 

740-5 

789.4 

838.9 

888.6 

938.9 

932-9 

988 

1741-0 

758.3 

807.2 

856.6 

906.3 

956.5 

946.0 

979 

1757-6 

781.0 

830.1 

879-8 

929.7 

980.1 

965.0 

970 

1784-9 

798.1 

847-2 

896.8 

946.7 

997.1 

977-9 

962 

1801 .0 

819-3 

868.6 

918.5 

968.5 

1019,2 

199S-1 

953 

1827.0 

840.5 

890.0 

940.1 

990.4 

1041.2 

IOI2.9 

944 

1852.7 

862.1 

911.8 

962.1 

012.6 

1063.7 

1031.0 

935 

1879.0 

884.5 

934-5 

985-0 

1036.0 

1087.0 

1049. 1 

926 

1906.0 

906.8 

957-0 

1008.0 

1059.0 

IIIO.O 

1068.0 

917 

1933-0 

929.1 

979.6 

1030.0 

1082.0 

1134.0 

1086.0 

910 

1960.2 1 

946.9 

997.2 

1048.0 

1099.0 

1151.0 

1099.0 

899 

1977-0 

968.9 

1020.0 

IO7I.O 

II 22.0 

1174.0 

1117.4 

891 

2003.5 

992-5 

1043-0 

1095.0 

1147.0 

1199.0 

1136.5 

881 

2032.0 

1015.0 

1066.0 

1118.0 

II70.O 

I223.C 

1156.0 

872 

2060.0 

1164.0 

I217.O 

1270.0 

1323-0 

1376.0 

1260.0 

781 

2232.0 

1513-° 

1568.0 

1625.0 

1682.0 

1739-0 

1565-2 

694 

2654.6 

1792.0 

1851.0 

I9IO.O 

1970.0 

2030.0 

1795-4 

605 

2990.8 

2060.0 

2120.0 

2182.0 

2243.0 

2304.0 

2008.0 

516 

3299-0 1 

2400.0 

2464 .0 

2524.0 

2594.0 

2660.0 

2291.0 

428 

3709.0 1 

1 
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Table 

Showing the Exit Temperatures of the Gases Issuing from a Rotary Kiln when 

ts Preheated to Various Degrees 
Air Supply — lo 478 lbs per i lb of standard coal of 12,600 B Th U s 


Chnker Production 


Entering 
Air at 
100® F 
Correspond 
mg Exit 
Temp 

IV 

Entering 
Air at 
200® F 
Correspond 
ing Exit 

V 

Entering 

300® F 
Correspond 
ing Exit 
Temp 

VI 

Entering 
Air at 
400° F 
Correspond 
ing Exit 
Temp 

VII 

Entering 
Air at 
SOo” F 
Correspond 
inglxit 
Temp 

VIII 

Tons of 
Standard 
Coal per 
100 Ton* 
of 

Clinker 

I 

Lhs of 
Clinker 
per Lb 
of 

Standard 

Coal 

II 

Air at 
eo'F 

spoading 

Exit 

Temp 

in 



“F 

®F 

Of 

®F 

«F 

®r 

11 893 

8 408 







12 52s 

79S4 







S3 210 

7 570 







*3 957 

7 165 







14 791 

6 761 







15 726 

6359 


Limi 

is of WlS 

te Heat I 

Oiler 


16 770 

5 963 





46 9 

929 







(imposs ) 


17 960 

5 568 

44 3 

62 8 

109 I 

155 9 

217 7 

250 6 



(imposs 






19 301 

S 181 

202 S 

221 6 

269 5 

3>7 9 

3666 

4JS 8 

20 855 

4 795 

374 2 

3966 

4436 

493 8 

544 4 

595 3 

22 660 

4 413 

550 > 

5706 

6-»2 t 

673 8 

726 2 

709-4 

24 801 

4 032 

739 2 

7604 

813 3 

866 8 

920 7 

975 > 

as 044 

3 993 

7569 

7780 

830 8 

884 3 

938 0 

99a 3 

25 278 

3 956 

7769 

799 5 

8560 

913 i 

970 6 

ro20 6 

25 517 

3 919 

795 6 

816 9 

870 I 

923 9 

978 I 

1032 8 

25 760 

3 882 

8*5 3 

83^ 7 

S909 

944 X 

998 6 

>0534 

26 021 

3 843 

S36 I 

875 5 

9II 2 

965 4 

1020 0 

1075 I 

26 274 

3 806 

8558 

8773 

93s I 

985 S 

1040 4 

1095 6 

26 532 

0 769 

S575 

894 9 

950 7 

1004 0 

1059 8 

11150 

26 802 

3 73s 

8960 

9274 

971 0 

J025 2 

i£>7p 8 

>>34 9 

27 078 

3 693 

910 I 

931 6 

984 4 

1039 8 

1094 6 

1149 if 

27 352 

3 ^56 

925 6 

9470 

1000 7 

1054 9 

1109 7 

11649 

27 632 

3 619 

945 5 

967 0 

1020 9 

1075 4 

1130 3 

1185 7 

27 917 

3 582 

966 2 

087 8 

1043 7 

Z096 6 

1152 I 

1207 3 

28 2og 

3 545 

9830 

1004 7 

10589 

1113 7 

1169 0 

1224 7 

28 S14 

3 507 

1008 4 

1030 2 

1084 7 

1139 8 

>195 3 

1251 2 

28 827 

3 469 

1029 5 

1051 4 

1106 t 

1161 4 

1217 I 

>2734 

29 >37 

3 432 

1050 8 

1072 7 

1127 7 

1183 2 

1239 2 

1295 6 

29 4S5 

3 395 

1066 8 

1088 7 

*143 5 

119S 9 

1254 7 

13” 0 

29 771 

3 359 

1087 6 

nog 7 

1164 6 

1220 2 

1276 3 

1332 8 

30 120 

3 320 

mo 1 

1132 2 

1187 4 

1243 2 

1300 0 


30 460 

3 283 

>131 9 

nS4 X 

*2og 5 

5 

1322 0 

1378 9 

34 30s 

2 9>S 

I3S<5 7 

13798 

1427 5 

14958 

>554 5 

1613 8 


2 549 

i59> I 

1614 8 

*6743 

1734 3 

>794 9 



2 185 

1842 3 

1867 0 

1928 7 

1991 0 

2053 9 


54 824 

I 824 

2072 7 

2098 0 

2 i 6 i 2 

2225 I 

2289 s 

2354 4 

70 126 

I 466 

2198 9 

2225 2 

2291 0 

2357 6 

2424 6 
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IV 


the Slurry Moisture is Retained Constant at 30 per Cent., but the Entering Air 
by the Outgoing Clinker 

per Ib. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering 
Air at 
600° F. 

Entering 
Air at 
700° F. 
Correspond- 
ing Exit 
Temp. 

X. 

Entering 
Air at 
800° F. 

Entering 
Air at 
900° F. 
Correspond- 
ing Exit 
Temp. 

XII. 

Entering 
Air at 

Entering Air at 
Maximum Temp, 
to which it can be 
Preheated by Out- 
coming Clinker. 

Entering 
Air at 
2,500° F. 

Correspond- 
ing Exit 
Temp. 

IX. 

Correspond- 
ing Exit 
Temp. 

XI. 

Correspond- 
ing Exit 
Temp. 

XIII. 

Corre- 
sponding 
Exit 
Temp, 
of Gas. 

XIV. 

Maxi- 
mum 
Temp, 
of Air. 

XV. 

Corre- 

sponding 

Exit 

Temp. 

XVI. 

°F. 

°F. 

°F. 

°F. 

"F. 

°F. 

°F. 

°F. 

... 




... 

... 


188.4 





... 

30.8 

(imposs.) 

1944 

282.9 



... 



129-3 

1853 

401. I 


... 

... 



231.1 

1764 

570.0 


... 



25.6 

(imposs .) 

338.7 

1674 

744.6 

” 

35-2 

(imposs.) 

81.0 

127.0 

173-5 

452.2 

1584 

915-2 

i 39'5 

186.3 

233-5 

281.0 

329.1 

571-7 

1494 

1095.0 

298.7 

347-0 

395-9 

444-9 

494.6 

698.4 

1403 

1286.4 

465-6 

515.5 

565-6 


662.2 

832-3 

1315 

1486.9 

646.9 

698.8 

751-1 


856.9 

992.6 

1226 

1705-7 

852.8 

906.2 

960.5 


1070.1 

1146.1 

1137 

1948.1 

1030.1 

1085.4 

1141.3 


1254.2 

1280.9 

1047 

2159.2 

1047.2 

1102 .4 

1158.1 

1214.2 

1270.8 

1294.2 

1041 

2174-5 

1067.3 

1126.3 

1179.9 

1235-8 

1290.5 

1311.6 

1031 

2192.6 

1088. 1 

1143-7 

1199.9 

1256.3 

1313-4 

1327.1 

1024 

2222.8 

1109. 0 

1164.7 

1221. 2 

1277.8 

1335-2 

1343-9 

1015 

2249.3 

1130.9 

1186.8 

1243-4 

1300.3 

1357-8 

1361.4 

1006 

2275.1 

1151.6 

1207.8 

1264.6 

1321-6 

1379-4 

1377.6 

997 

2300.0 

1170. 9 

1227.0 

1283.8 

1337-8 

1398-5 

1391-6 

988 

2318.2 

1190.6 

1246.5 

1303-1 

1359-9 

1417-5 

1405-5 

979 

2334-3 

1205.7 

1261.9 

1317-4 

1375-8 

1433-5 

1416.1 

970 

2353-6 

1220.7 

1276.7 

1333-4 

1390-3 

1448.0 

1426.2 

962 

2366.4 

1241.8 

1297.9 

1354-9 

I4I2.O 

1469.8 

1442.6 

953 

2391-5 

1263.5 

1320.0 

1377-1 

1434-4 

1492-5 

1460.0 

944 

2417.7 

1281.2 

1337-7 

1395-0 

1452-5 

1510.7 

1472.9 

935 

2438-5 

1307 -Q 

1364.8 

1422.4 

1480.1 

1538.5 

1495-2 

926 

2470.4 

1330.2 

1387-3 

1445-1 

1503-1 

1561.9 

1509-5 

917 

2497.9 

1352.7 

1410.0 

1468.1 

1526.3 

1585-2 

1542.1 

910 

2523-8 

1368.0 

1425.2 

1483-1 

1541.2 

1600.0 

1540.5 

899 

2537-4 

1390.0 

1447-4 

1505-5 

1563-8 

1622.8 

1558.6 

891 

2564.0 

1413.7 

1471-3 

1529.6 

1588.2 

1647-5 

1577-0 

881 

2592-2 

1436.6 

1494-4 

1553-0 

i6ir.8 

1671.2 

1595-2 

872 

2619.5 

1673.7 

1733-9 

1794.8 

1856.0 

1917.9 

1783-4 

781 

2904.6 

1917.7 

1979.7 

2042.4 

2105.5 

2169.2 

1976.0 

694 

3185-8 

2181.5 

2245.9 

23II.O 

2376-5 

2442.7 

2184.8 

605 

3498.4 

2420.1 

2486.0 

2552.8 

2619.8 

2687.6 

2364.8 

516 

3768.7 

2560.6 

2629.3 

2698.9 

2768.6 

2839-3 

2443-4 

428 

3965-r 
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CHEMICAL ENGINEERING 


TaB 5,B 

Showing the Exit Temperatures of the Gases Issuing from a Rotary Ktln when 

IS Preheated to Various Degrees 
Air Supply — lo 47S lbs per i lb of standard coal of t2,6oo n Th U ’s 


Clinker Produetton 

Entering 
Air at 
60" F 
Corre 
sponding 
Exit 
Temp 

III 

Entering 
Air at 
100® F 
Correspond 
ing Exit 
Temp 

IV 

Entering 
Air at 
200® F 
Correspond 
ing Exit 
Temp 

V 

Entering 

300® F 
Correspond 
ing £.xit 
Temp 

M 

Entering 
Air at 
400° F 
Correspond 
ing Exit 
Temp 

VII 

Entering 
Air at 
500® F 
Correspond 
ing Exit 
Temp 

vm 

Tons of 
Standard 
Coal per 
100 Tons 
of 

Clinker 

I 

Lbs of 
ChnVer 
per Lb 
of 

Standard 

Coal 

II 



• F 

»F 

®F 

*F 

®F 

®F 

11 893 

8 408 







“ 525 

7 984 







13 810 

7 570 







957 

7 165 

Limj 

rs of Was 

:e Heal B 

3jJer 


*85 








(impots ) 

14 79* 

6 761 




54 9 

”45 

1654 

IS 7>6 

6 359 

91 0 

*” 3 

162 3 

2138 

265 6 

318 0 

■ 6 770 

5 963 

2440 

264 9 

317 2 

3700 

423 3 

4770 

17 960 

SSG8 

404 9 

426 4 

480 1 

534 5 

589 7 

««s 

19 301 

s 181 

57* 9 

594 0 

649 2 

70s * 

781 4 

818 I 

30 855 

4 795 

747 4 

770 1 

826 9 

8844 

942 2 

10005 

33 d6o 

4 413 

93* 4 

9548 

1013 •* 

•072 3 

**31 9 

1191 9 

34 801 

4 032 

1129 3 

”44 * 

12039 

1264 4 

*325 3 

13867 

35 044 

3 993 

”35 2 

11590 

1218 7 

1278 9 

1340 * 

1403 9 

2S 278 

3 956 

1156 1 

ti8o 1 

12400 

*300 s 

1361 6 

1423 * 

25 5*7 

3 9*9 

*174 S 

**98 5 

”585 

*3*9 2 

1380 7 

*44*8 

35 760 

3882 

”94 2 

I2l8 2 

1278 4 

•339 2 

1400 5 

1462 2 

26 031 

3 843 

1214 7 

*2388 

1299 ■> 

1360 I 

1421 6 

1483 6 

26 374 

3 806 

1234 3 

•*58 5 

13190 

*380 t 

144* 8 

15039 

26 S32 

3 769 

1247 9 

1272 0 

*33® 3 

*393 2 

*454 6 

1516 6 

36 803 

3 73* 

1260 7 

1284 7 

*344 9 

1405 6 

1466 9 

1528 6 

27 078 

3 693 

1283 2 

*307 3 

1367 6 

1423 5 

1489 9 

iS5> 9 

■’7 352 

3 656 

12954 


*379 7 

*4405 

1501 6 

*5633 

37 632 

3 6*9 

*3«S 6 

•339 7 

1400 0 

1460 9 

*5=2 3 

*584 •’ 

27 917 

3582 

*335 8 


*420 4 

1481 s 

*543 6 

16053 

28 209 

3 545 

*353 » 

>377 4 

1438 I 

*499 3 

*56* 0 

1623 7 

28 514 

3 S07 

*377 0 

1401 3 

X46-* I 

*5*3 8 

*585 6 

1648 9 

28 827 

3 469 

1398 2 

1422 6 

*483 ^ 

*545 3 

1607 4 

1670 I 

29 137 

3 432 

1418 s 

14430 

*304 ’ 

1566 0 

1628 0 

1691 3 

29455 

3 395 

*43* 7 

J4561 

*5*7 * 

1578 7 

1640 9 

17035 

29 771 

3 359 

*452 3 

1476 8 

15380 

•599 8 

1662 I 

17250 

30 120 

3 320 

*474 0 

*498 s 

1560 0 

1622 0 

1685 0 

*747 5 

30 460 

3 283 

*495 4 

15200 

15816 

1643 8 

1706 5 

17698 

34 30s 

2 915 

1712 0 

*737 4 

1800 9 

1865 I 

19298 

199s I 

39 246 

2 549 

19290 

*954 9 

2019 7 

2085 2 

2151 * 

2217 7 

45 766 

2 18s 

2161 0 

2187 6 

*•*54 3 

2321 6 

2389 5 

24580 


I 824 

2363 * 


2457 8 

2526 I 

2595 0 

2664 s 

70 i’6 

I 466 

2622 7 

2650 5 

2720 2 

2790 6 

2861 5 

2913 0 _ 



eF KILN 


25-13 


Ce7it., blit the Entering Air 


assumed to be 2,500° F. 


ing 

at 

F. 

)ond' 

xit 

P- 

I. 

Entering Air at 
Maximum Temp, 
to which it can be 
Preheated by Out- 
coming Clinker. 

Entering 
Air at i 
2,500° F. I 
Corre- ; 
sponding i 
Exit 1 
Temp. 1 

XVI. 

Corre- 
sponding 
Exit 
Temp, 
of Gas. 

XIV. 

Maxi- 
mum 
Temp, 
of Air. 

XV. 


“F. 

°F. 

“F. 


338-0 

2039 

598.0 


457-0 

1944 

773-1 

a 

574-0 

1853 

940.0 

!-3 

687.8 

1764 

1104.8 

?.o 

796.5 

1674 

1274-S 

>•5 

913-8 

1584 

1457-6 

!-7 

1036.1 

1494 

1647.0 

r -9 

1164.5 

1403 

1847-3 

b 4 

1298.8 

1315 

2054-3 

3.1 

1455-4 

1226 

2271.7 

3.2 

1586.9 

1137 

2500.4 

!,I 

1732-3 

1047 

2725.2 

)-3 

1741. 7 

1041 

2735-2 


1760.4 

1031 

2764.0 

i.i 

1773-5 

1024 

2784.2 

>•4 

1789.0 

1015 

2808.2 

•7 

1805.7 

1006 

2833.7 

•9 

1820.9 

997 

2858.0 

b 4 

1826.7 

988 

2865.7 

;.6 

i 832'.2 

979 

2874.0 

b 7 

1850.3 

970 

2901 .0 

’•3 

1855-8 

962 

2908.6 

.8 

1871.4 

953 

2932.6 


1887.7 

944 

2957-9 

!-7 

1900.6 

935 

2979-5 

5.8 

1920.3 

926 

3004.1 

[.8 

1937.5 

917 

3035-6 

t-o 

1955-0 

910 

3051-3 

;-2 

1959-0 

899 

3068.6 

7-7 

1976.2 

891 

3094-6 

[.I 

1992.8 

881 

3121.0 

i-3 

2010.0 

872 

3147-5 

D.O 

2181.8 

781 

3416.5 

9-3 

2348.6 

694 

3667.4 

9-3 

2530.8 

605 

3949-0 

I.I 

2673.7 

S16 

4178.1 

9-9 

2881.4 

428 

4491.4 




25 14 CHEMICAL ENGINEERING 


Table 

Shmtng the Exit Temperatures of the Gases Issuing from a Rotary Kiln ichen 

IS Preheated to Various Degrees 
Air Supply — lo 478 lbs per x lb of standard coal of 12,600 B Th U 's 


j Clinker Production 


Enlenng 
Air at 
100“ F 
Correspoiu 
jng Exit 

I\ 

Entering 
Air at 
•MO* F 
Correspooc 
ingExit 
Temp 

\ 

Entering 
Air at 
300' F 
Correspont 
ing Exit 
Temp 

\T 

Entenag 
Air at 
400“ F 
Correspont 
ing Exit 

MI 


Tons of 
. Standard 

1 Coal per 
loo Tons 
* of 

Clinker 

1 ■ 

LLs of 
Clinker 

of 

Standard 

Coal 

11 

Atr at 
60° F 
Cone 
spending 
Exit 

III 

Entenng 
Air at 
Sco'F 
Correspond 
mg Exit 

vm 



•F 

“P 

• F 

»F 

"F 

•F 

1 II 893 

8 498 

Lim 

Its of W as 

te Heat J 

oiler 


10 2 








fimposs ) 

i» SaS 

7 984 





40 I 

95 9 

1 






(imposs ' 


' 13 210 

7 576 



74 3 

1304 

*87 3 

2459 

1 *3 957 

j 16s 

142 I 

J64 7 

221 J 

sjSS 

336 I 

394 2 

1 *4 791 

6 761 

2034 

3*6 5 

374 2 

432 6 

49* 4 

5507 

1 IS 

6359 

449 9 

473 5 

S324 

5920 

652 0 

fit 6 

, *6 776 

5 963 

610 4 

6344 

694 6 

755 4 

816 7 

8705 

1 17 960 

SSM 

777 « 

802 2 

8636 

925 7 

988 0 

105*3 

19301 

5 iSt 

948 7 

973 s 

10366 

1100 0 

1x64 0 

1228 5 

sofiss 

4 795 

1126 3 

*15* 9 

12I6 I 

I"*?© 9 

1346 * 

1412 I 

1 23 660 

4 413 

1310 0 

*336 2 

1401 7 

146S 0 

*534 0 

1602 1 

24 801 

4032 

149a 7 

*5*9 3 

15858 

i 6 j 2 7 

1721 4 

1789 2 

25 044 

3 963 

*564 4 

15309 

*597 2 

1664 1 

1732 1 

*7996 

25 278 

3 936 

15256 

*552 1 

16187 

16S60 

*753 8 

1822 I 

25 5*7 

3 9*9 

1542 2 

156S8 

*6353 

1702 6 

1770 8 

18387 

25 760 

3882 

>561 5 

15880 

1654 3 

1721 3 

17889 

18570 

26 021 

3 843 

1581 5 

1608 2 

*675 » 

1742 6 

iSio 7 

18794 

1 26 274 

3 806 

1600 0 

1627 6 

1694 6 

1762 3 

1830 S 

1899 3 

26 53’ 

3 769 

1610 2 

16368 

*7035 

17769 

18388 

19073 

z6 8 o2 

3 73* 

1620 0 

1646 S 

17130 

1780 0 

1847 7 

igiS 9 

1 ^7 078 

3 693 

1640 I 

1666 7 


iSoo 4 

1S6S 2 

19365 1 

1 27 352 

5 650 

1650 7 

1677 2 

*743 5 

181Q 4 

1878 0 

19460 

1 27 63- 

3 613 

1670 0 



1836 * 

1897 7 

1963 8 

-7 917 

3 SS’ 

i68q ^ 

1716 X 

*7827 

184S 9 

*9*8 3 

1986 I 

28 209 

3 545 

1707 0 

1733 7 

1800 4 

1867 8 

*935 7 

2004 2 

! 28 514 

3 507 

17290 

*755 7 

1822 6 

1890 2 

*9583 

2027 0 

1 28 s-*; 

3469 

1749 0 

17758 

1842 8 

1910 5 

19788 

2047 6 

i 29 *37 

3 432 

17690 

*795 8 

1863 0 

1930 9 

1999-4 

20^ 4 

29-455 

3 395 

1778 0 

1804 7 

1871 6 

1939 2 

2007 4 


29 771 

3 359 

1797 6 

1824 4 

1891 s 

*959 2 

20’7 5 

2096 4 

1 30 120 

3 320 

1818 6 

>845 5 

*9*2 7 

1980 9 

2049 6 


1 30 460 

3 2S3 

i8j8 2 

1865 I 

*93' 5 

-000 5 

2069 I 

'liS 3 

' 34 305 

2 915 

2042 7 

2070 3 

2*39 2 

2208 9 

2279 I 

2349 9 

39 24^ 

2 549 

2237 9 

’2657 

*335 4 

24058 

2476 8 


45 766 

- 185 

2446 6 

24756 

2546 X 

2617 9 

•’690 3 

2763 3 

1 S4 S24 

I S24 

2619 3 

26479 

27*9 4 

27918 

2S64 6 

2938 I 

1 70 126 

r 466 

2844 7 

28739 

2946 8 

30'>o 5 

3094 8 




THE CEMENT ROTARY KILN 


25.15 


VI 


ihe Slurry Moisture is Retained Constant at 10 per Cent., but the Entering Air 
by the Outgoing Clinker 

per lb. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering 
Air at 
600® F. 
Correspond- 
ing Exit 
Temp. 

IX. 

Entering 
Air at 
700® F. 
Correspond- 
ing Exit 
Temp. 

X. 

Entering 
Air at 
800® F. 
Correspond- 
ing Exit 
Temp. 

XI. 

Entering 
Air at 
900® F. 
Correspond- 
ing Exit 
Temp. 

XII. 

Entering 
Air at 

1 ,000® F. 
Correspond- 
ing Exit 
Temp. 

XIII. 

Entering Air at 
Maximum Temp.® 
to which it can be 
Preheated by Out- 
coming Clinker. 

Entering 
Air at 
2,500° F. 
Corre- 
sponding 
Exit 
Temp. 

XVI. 

Corre- 
sponding 
Exit 
Temp, 
of Gas. 

XIV. 

Maxi- 
mum 
Temp, 
of Air. 

XV. 

°r. 

°F. 

°F. 

°F. 

°F. 

°F. 

“F. 

°F. 

73-6 

129.2 

165.5 

242.0 

299.2 

917.7 

2039 

1210. 7 

152-7 

211.5 

266.6 

324-2 

382.6 

955-7 

1944 

1312.7 

3 °i-S 

359-4 

418.0 

476.8 

536-3 

1063.4 

1853 

1485-1 

453-1 

512.1 

571-9 

631.8 

692.5 

1175-1 

1764 

1660.1 

610.7 

670.9 

731-9 

793-1 

855-0 

1284.9 

1674 

1842.4 

773-9 

835-3 

897.6 

960.0 

1023.4 

1402.2 

1584 

2031.9 

941. 1 

1003.9 

1067.5 

1130.2 

1195-7 

1521.8 

1494 

2224.9 

1115.2 

1179-5 

1244-5 

1311.7 

1375-6 

1646.1 

1403 

2426.9 

1293-7 

1359-3 

1425-5 

1492.1 

1559-5 

1774-7 

1315 

2633.4 

1478.8 

1545-7 

1613.5 

1681.5 

1750.3 

1902.7 

1226 

2847.4 

1670.4 

1738.6 

1808.4 

1897.3 

1947-6 

2044.8 

”37 

3069.0 

1858.3 

1927.8 

1998.1 

2068.7 

2140.0 

2173.6 

1047 

3278.1 

1868.5 

1937-6 

2007.6 

2077.8 

2148.9 

2178.2 

1041 

3294.0 

1891.3 

1960.7 

2031,0 

2101.5 

2172.0 

2196.6 

1031 

3310.9 

1907.9 

1977-3 

2047.6 

2118.1 

2189.5 

2206.6 

1024 

3327-6 

1925-9 

1995-1 

2065.1 

2135-5 

2206.6 

2217.3 

1015 

3344-6 

1948.8 

2018.6 

2089.2 

2160.0 

2231.7 

2226.2 

1006 

3362.5 

1968.9 

2038.9 

2109.6 

2180.6 

2252.4 

2240.2 

997 

3379-2 

1976.6 

2046.2 

2116.6 

2187.2 

2258.8 

2250.2 

988 

3397-1 

1984.9 

2054.2 

2124.4 

2194.8 

2266.0 

2251.1 

979 

3414-3 

2005.7 

2075.1 

2145-4 

2215.9 

2287.2 

2265.8 

970 

3430.1 

2014.9 

2084.1 

2154.1 

2224.3 

2295.4 

2268.5 

962 

3446.0 

2035.0 

2104.2 

2174-3 

2244.8 

2315-9 

2282.4 

953 

3462.0 

2055-3 

2124.8 

2195. I 

2265.7 

2337-0 

2297.1 

944 

3475.6 

2073-5 

2143.2 

2213.6 

2284.3 

2355.8 

2309.4 

935 

3496.5 

2096.5 

2166.2 

2236.9 

2307.7 

2379-5 

2326.4 

926 

3523-0 

2117.3 

2187.3 

2258.0 

2329.1 

2401.0 

2341-3 

917 

3547-2 

2138.2 

2208.3 

2279.4 

2350-4 

2422.6 

2357-7 

910 

3572.0 

2145.6 

2215-4 

2286.0 

2357-0 

2428.7 

2356.1 

899 

3572.8 

2166.1 

2236.1 

2306.8 

2377-9 

2449.8 

2371.6 

891 

3596.6 

2187.9 

2258.1 

2329.1 

2400.2 

2472.3 

2386.6 

881 

3621.6 

2208.3 

2278.6 

2349-7 

2421. I 

2493-3 

2401.0 

872 

3645-2 

2421.5 

2493-5 

2566.3 

2642.0 

2713-4 

2552.6 

781 

3892-6 

2620.7 

2693.4 

2767.0 

2840 .9 

2915-6 

2689.1 

694 

4107.1 

2837.1 

2911.3 

2986.3 

3061.7 

3137-9 

2840.9 

605 

4353-4 

3012.6 

3087.1 

3162.8 

3238.5 

3315-3 

2950.0 

516 

4538.8 

3245-5 

3321.7 

3398.7 

3476.0 

. 3554-3 

3115-7 

428 

4801.8 
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CHEMICAL ENGINEERING 


Table 

Showing the Exit Tem/eratnres of the Gases Issuing from a Rotary Kiln when 

IS Preheated to Various Degrees 
Atr Supply — lo 478 lbs. per 1 lb of standard coal of 12,600 B Th U ’s 


Clinker ^ 

Tons 6f 
Standard 
Coat per 
100 Tons 
of 

Clinker 

I 

roduction 

Lbs of 
Clinker 

of 

Standard 

Coal 

II 

Entering 
Atr at 
to“F 

spending 

Exit 

Temp 

III 

Entering 
Air at 
100“ F 
Corresponc 

IV 

Entering 
Air at 
200® F 
Cotresponi: 

V 

Entering 
Air at 
300“ F 
Correspond 
ing Exit 
Temp 

VI 

Entering 
Air at 
400® F 
Correspond 
ing Exit 
Temp 

VII 

Entering 

500“ F 
Correspond 
ing Exit 
Temp 

VIII 



• F 

“F 

•F 

'F 

“F 

■F 

It 893 

8 408 

129 2 

»54 3 

217 0 

280 3 

344 7 

408 6 

12 525 

7 984 

202 2 

227 6 

291 3 

3SS6 

420 4 

4857 

13 

7 570 

355 » 

381 0 

445 5 

Sio 8 

577 I 

642 9 

13 957 

7 i6s 

509 3 

535 5 

601 0 

667 I 

7338 

801 I 

14 791 

6 761 

667 6 

694 I 

760 6 

927 7 

895 4 

9636 

IS 726 

6 359 

829 5 

8564 

9238 

992 0 

1060 6 

1129 8 

16 770 

s 963 

993 6 

1020 9 

10893 

■■ss 5 

I'>28 I 

12984 

17 960 

5 S68 

1162 4 

1190 1 

1259 6 

1329 7 

1401 0 

1471 7 

19 301 

5 181 

•3329 

1361 I 

»43* 5 

1502 7 

1374 s 

1646 8 

20 85s 

4 795 

»507 7 

*5363 

1601 8 

1680 I 

1753 5 

1826 4 

22 660 

4 413 

16863 

1715 0 

1787 6 

i860 9 

1934 9 

2oog 4 

24 801 

4 032 

1836 9 

1886 1 

1959 2 

2033 1 

2 Io 8 2 

2182 7 

25 044 

3 993 

1864 2 

1893 2 

1966 0 

20394 

aiij 4 

2188 2 

25 278 

3 956 

1885 6 

1914 8 

1987 8 

2o6i s 

3135 9 

2210 8 

25 SI7 

3 919 

1900 I 

1929 2 

2002 1 

2075 7 

2150 5 

2224 8 

25 760 

3882 

1918 4 

19476 

2020 7 

2094 5 

2168 9 

2243 9 

26 021 

3 843 

1937 0 

1966 2 

2039 4 

2113 3 

2187 8 

2262 9 

26 274 

3 806 

1955 4 

1984 7 

2057 9 

213a 0 

2206 6 


26 5J2 

3 769 

1960 7 

1989 8 

2062 6 

2IJ6 2 

2210 4 

2285 2 

26 S02 

3 73* 

19659 

1994 9 

2067 3 

2140 s 

2244 3 

2268 7 

27 078 

3 693 

1986 5 

201S 5 

2088 1 

2i6i 4 

2235 3 

2309 8 

27 352 

3 656 


2021 1 

20933 

2166 2 

22J9 7 

23^3 9 

27 632 

3 619 

2009 7 

2038 6 

2II09 

21840 

2257 6 

2331 8 

27 Q17 

3582 

2028 8 

2057 7 

2130 I 

2203 3 

2277 9 

235> 4 

28 209 

3 545 

2045 2 

2074 2 

2146 7 

2219 9 

2293 8 

23683 

28 514 

3 507 

2064 8 

2093 8 

2 i 66 s 

2239 8 

2313 8 

2388 3 

28 827 

3 469 

2083 4 

2112 6 

2185 3 

22588 

2332 9 

2407 6 



2101 8 


2203 8 

2277 4 

23SJ 6 


29 45S 

3 395 

2107 5 

2136 s 

2209 0 

2282 2 

23560 

2430 5 

29 771 

3 359 

2I2S 8 

21348 

2-»27 4 

2300 8 

23748 

2449 3 

30 120 

3 320 

2144 8 

21749 

2250 I 

2326 i 

2403 3 


3c 460 

3 283 

2163 3 

21924 

226$ 2 

2338 8 

2413 0 


34 305 

2 915 

23504 

2380 0 

2454 0 

2528 7 

2604 0 

2680 I 



2520 1 

5549 7 

2623 9 

269S 8 

2774 3 


45 766 

2 i8s 

27040 

27340 

2809 0 

2884 8 

2961 2 

3038 2 

54 824 

I 824 

2846 2 

2876 2 

2951 - 

3027 I 

3103 S 


70 126 

I 466 

3037 9 

3068 2 

3«44 0 

32-’Q 6 

3297 8 

3375 7 
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VII 

Ihe Slurry Moisture is Retained Constant at o per Cent., but the Entering Air 
by the Outgoing Clinker 

per Ib. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering Air at 
Maximum Temp. 


Entering 
Air at 
600^ F. 
Correspond- 
ing Exit 
Temp. 

IX. 

Entering 
Air at 
700° F. 
Correspond- 
ing Exit 
Temp. 

X. 

Entering 
Air at 
800'’ F. 
Correspond- 
ing Exit 
Temp. 

XI. 

Entering 
Air at 
900° F. 
Correspond- 
ing Exit 
Temp. 

XII. 

Entering 
Air at 

1 ,000^* F. 
Correspond- 
ing Exit 
Temp. 

XIII. 

to which it can be 
Preheated by Out- 
coming Clinker. 

Entering 
Air at 
2,500“ F. 

Corre- 

sponding 

Exit 

Temp. 

XVI. 

Corre- 
sponding 
Exit 
Temp, 
of Gas. 

XIV. 

Maxi- 
mum 
Temp, 
of Air. 

XV. 

“F. 

°F. 

°F. 

“F. 

°F. 

°F. 

°F. 

°F. 

473-2 

539-2 

605.5 

675-5 

739-2 

1469.4 

2039 

1S11.7 

551-9 

618.3 

685.5 

752.9 

821.2 

1491.9 

1944 

1909-5 

709.9 

777-3 

845.5 

913-9 

983-1 

1596.1 

1853 

2087.2 

869.2 

937-5 

1006.7 

1076.1 

1146.3 

1702.3 

1764 

2266.3 

1032.6 

1102.0 

1172.8 

1242. 5 

1313-7 

1807.6 

1674 

2450.6 

1199.9 

1270.2 

1341-4 

1412.8 

1485.2 

1918.2 

1584 

2642.8 

1369-6 

1440.9 

1513-2 

1585-7 

1659.0 

2029.6 

1494 

2828.6 

1543-9 

1616.4 

1689.7 

1763-3 

1857.8 

2146.8 

1403 

3020.4 

1720. I 

1793-6 

1868.0 

1942.7 

2018.3 

2259-9 

1315 

3223.3 

1900.7 

1975-3 

2050.9 

2126.7 

2203.4 

2379-5 

1226 

3426.5 

2085.1 

2160.6 

2237.3 

2314.3 

2392.0 

2499.6 

1137 

3634-0 

2258.7 

2335-0 

2412.2 

2489.8 

2568.2 

2605.1 

1047 

3773-1 

2263.7 

2339-6 

2416.4 

2493-5 

2571.5 

2613.7 

1041 

3794-9 

2286.7 

2362.9 

2439-9 

2517-3 

2595-6 

2621 ,6 

1031 

3813-8 

2300-5 

2376.6 

2453-5 

2530.8 

2608.9 

2627.6 

1024 

3825.1 

2319.9 

2396.1 

2473-2 

2550.7 

2628.9 

2636.S 

1015 

3844-4 

2338.9 

2415-3 

2492.5 

2570.0 

2648.5 

2645.4 

1006 

3863.0 

2358.0 

2434-4 

2511.8 

2589-4 

2668.0 

2664.6 

997 

3882.0 

2360.9 

2436.9 

2513-8 

2591.0 

2669.2 

2663.8 

988 

3894-0 

2364.0 

2439-6 

2516.1 

2592.9 

2670.6 

2672.4 

979 

3903-6 

2385.3 

2461.0 

2537-6 

2614.5 

2692.4 

2681.9 

970 

3920.4 

2389.0 

2464-3 

2540.6 

2617.0 

2694.4 

2690.1 

962 

3939-2 

2.^07. 0 

2482.5 

2558.8 

2635-4 

2712.0 

2697.5 

953 

3946-7 

2426.7 

2502.3 

2578.7 

2655-5 

2733-1 

2704-5 

944 

3961.6 

2443-7 

2519-3 

2595-9 

2672.7 

2750.4 

2711.0 

935 

3980.5 

2463.8 

2539-6 

2616.3 


2771.2 

2718.3 

926 

4002.8 

2483-3 

2559-2 

2638.8 

2713-1 

2791.1 

2727.3 

917 

4020.3 

2502.1 

2578.1 

2655-1 

2732.2 

2810.4 

2736.3 

910 

4038.8 

2505-8 

2581.5 

2658.0 

2734-9 

2812.6 

2745-7 

899 

4052.4 

2524.8 

2600.6 

2677.2 

2754-2 

2832.0 

2753-7 

S91 

4073. S 

2558.2 

2636.7 

2713-1 

2790.9 

2856.6 

2760.7 

881 

4095.2 

2563.5 

2639-5 

2719.4 

2793.6 

2871 .9 

2771.9 

872 

4117.4 

' 2757.0 

2834.2 

2912.3 

2993-5 

3070.2 

2S97.6 

781 

4335-5 

2927.6 

3004.9 

3083.4 

3161.9 

3241-5 

3000.4 

694 

4509-9 

3116.3 

3194-5 

3273-8 

3353-3 

3433-7 

3120.3 

605 

4716.5 

3258.5 

3336.8 

3416.1 

3495-5 

35760 

3193-0 

516 

4859.2 

3454-5 

3533-6 

3613-8 

3694.0 

3775-3 

3319-5 

42S 

5071-9 
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CHAPTER XXVI 

CALCULATION OF THE AMOUNT OF STEAM 
PRODUCIBLE PER loo TONS OF CLINKER IN 
THE ROTARY KILN, TOGETHER WITH A 
DISCUSSION OF THE WASTE-HEAT BOILER 

Amount of Steam Producible by the Exit Gases of a 
Cement Rotary Kiln 

§ I. In the preceding Chapter (XXV.) were calculated the exit temperatures 
of the gases coming from cement rotary kilns using slurries containing different 
percentages of moisture (o to 40 per cent.) and the kiln working with different 
fuel consumptions. 

In the present chapter it is proposed to calculate the amount of steam producible 
by utilising the waste heat contained in these gases. 

For practical purposes it is sufficient to consider that the steam is produced 
in a waste-heat boiler at a pressure of 150 lbs. per sq. in. (by gauge). This 
corresponds to a temperature of about 366° F. inside the boiler. Hence the 
steam at this pressure can only be generated by the heat liberated by the exit gases 
in sinking from their exit temperature T° to 366° F. 

Now, the number of B.Th.U.’s absorbed in turning i lb. of water at 366“ F. 
contained in the boiler under 150 lbs. pressure (by gauge) into i lb. of steam at 
the same temperature and pressure is equal to the latent heat of evaporation of 
water under these conditions, being, according to Callendar’s Steam Tables, 
= 863.1 B.Th.U.’s. 

Hence, if Q B.Th.U.’s be the quantity of heat available from a given quantity 
of gas in sinking from T” to 366° F., then the amount of steam producible 
therefrom is 

— 2 — =Q XO.OOIIS9 lb. . . . • (i) 

This is the mode of calculation adopted in the following pages. 

§ 2 . The weight of steam thus calculated is obviously the theoretical maximum. 
The practical amount will be less than this on account of the varying efficiencies 
of the boilers used in generating steam. Hence a deduction (depending upon 
the efficiency of the boiler used) must be made to obtain practical figures. 

For some purposes (e.g-, when the steam is to be superheated) the practical 
engineer may prefer to know the value of the available B.Th.U.’s per lb. of 
clinker which can be utilised for steam generation above 366° F. This figure 
can easily be calculated from the weights of steam given in the table by multiply- 
ing the weight of steam given by 863.1, the latent heat of steam at 366° F. and 
ISO lbs. pressure (by gauge), e.g., if to i lb. of clinker we can obtain 1.2 lbs. 
of steam at 366° F. and 150 lbs. prc.ssure, then the number of B.Th.U.’s avail- 
able for steam generation at 150 lbs. is 

1.2 X 863.1 = 1,036 B.Th.U.’s. 
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If the steam is to be superheated to 1® and its specific Iieat 
be the weight of steam 

xo36«W(86j i+S(T-366), 

or W ...^£36 .. 

86j i+S(T-366) 


S, wc hate, if \V 


(1) 


§ 3 Details of Calculating the Amount of Heat Q Contained in the 
Exit Gases per i Lb of Clinker Produced by the Kiln— For practical 
purposes It IS convenient to calculate the lbs of steam producible per i lb of 
clinker produced in the kiln The method is best illustrated by working through 
a particular case m detail, in which use is made of the data calculated in the 
preceding chapters 

Take the following case Suppose that the rotarv kiln is consuming 30 460 
tons of standard coal (12,600 B Th U 's per lb ) per 100 lbs clinker produced 
This amounts to 3 283 lbs of clinker per i Ib of standard coal burnt 

Suppose that the slurry contains 40 pet cent of moisture and the air meets 
the coal dust preheated to 400“ F , then the quantities associated with these 
numbers (calculated on 3 283 lbs of clinker) are 
Furnace gases, it 278 lbs 
COj evolved from slurrv, 1 720 lbs 
HjO evolved (a) from kaolin 
(^) ,, silica 
(4 „ slurn 


o 0844 Ib 
0 0355 M 
3 4150 lbs 


Total HjO 3 5349 lbs 
Exit temperature of kiln gases, 914 3® F 
The instantaneous specific heat of the furnace gases at 914 3® F is o 2640, 
and at 366® F is 0 247 1 , thus giving a mean specific heat of the furnace gases 
between 914® and 366® F of o 2556® F 

The maximum temperature drop of the gases between entering the boiler and 
emerging therefrom is 

Exit temperature - 366® F «=9t4*-366® F =*548® F. 

The quantitv of heat Q available is now calculated as follows — 

(fl) The B Th U ’s evolved when ii 278 lbs of furnace gases sink from 
9:4® to 366® P are 

II 278x548x0 2556=1579 976 B Th U ’s 
(d) From our hear rabies, the S Th U k Aberafecf wAen r fzo Ihs cS CO^ 
sink from 914® to 366® F are 

I 720(205 633-71 573)=230 583 B Th U ’s 
(f) From our heat tables, the B Th U 's liberated when 3 535 lbs of steam 
sink from 914" to 366® F are 

3 535(414 446-156 ii 6)=9I3 197 B Th U ’s 
Hence the total number of B Th U ’s liberated when the temperature of 
exit gases sinks from 914® to 366® F is 

1579 976 + 230 583-»-9I3 197 = 2723 756 B Th U 's 
Consequentlv, the number of lbs of steam producible will be 
27*3 756x0001159=3 157 lbs 

Hence for every 3 2S3 lbs of clinker produced we can obtain 3 157 lbs of 
steam, or for every 1 lb of clinker we can obtain 0 616 lb of steam 
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§ 4. This calculation has been repeated for various yields of clinker for kilns 
having fuel consumptions ranging from 11.893 to 70.126 tons of standard coal per 
100 tons of clinker, and fed with slurries containing successively o, 10, 20, 30, 
and 40 per cent, of water, and with the entering air preheated to 100°, 400°, 
800°, 1,000° F., and to the maximum temperature it could obtain if all the heat 
in the issuing clinker was imparted to the entering air. 

The values of the lbs. of steam producible under these circumstances are set 
forth in the tables below. 

By interpolation from the results contained in these tables it is possible 
to calculate in a very simple manner the weight of steam producible under almost 
any other circumstances for any fuel consumption, slurry moisture, and degree 
of preheating of the entering air. 

The general method of interpolation was explained in the preceding chapter 
on “ Exit Temperatures.” 

§ 5. Practical Results of the Tables. — On surveying the tables the follow- 
ing facts become apparent : — 

{a) The more efficient the rotarj' kiln, the smaller the quantity of steam 
producible per i lb. of clinker. 

{b) Assuming equal fuel consumptions, the amount of steam producible 
rapidly increases as we decrease the quantity of slurrj' moisture. 

(r) Even in the most efficient modem rotarj' kilns using slurry moisture 
of 40 per cent, a very large amount of high-pressure steam is 
producible. 

Unless a radical change of design is introduced in almost any modern kiln, 
a waste-heat boiler is a proposition which will repay careful consideration from 
practical engineers. 

If, however, a kiln is designed of such high efficiency as regards^ clinker 
production when fed with a slurry containing 40 per cent, moisture it burns 
only about 21 tons of standard coal, the exit temperature will be so low that it will 
be impossible to attach a waste-heat boiler to a kiln. 

Note . — These tables are calculated from exterpolated values of specific heats, 
and therefore can only be regarded as sufficiently accurate for works engineers. 
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Tabib 

Showing the Number of Zbs of Steam at 150 Lbs Pressure b) Gauge per Square 
Retained Constant at o per Cent , but the Entering Air 
Atr Supply —so lbs per i lb of standard coal of 13,600 B Th U s 


Chnker I’roduetion 

Entering Combustion 

Air Freheateif to too* F 

Entering Combustion 

Air Preheated to 400° F 

Stand^d 
Coal per 

100 Tons of 
Clinker 

Clinker 
per I Lb of 
Standard 
Coal 

II 

Exit 

Temperature 
of Kiln 
Gases 

III 

Number of 
Lbs Steam 
Producible 
per t Lb of 
Ctinker 

IV 

Exit 

Temperature 

irfKiln 

V 

Number of 
Lbs Steam 
Producible 
per I Lb of 
Clinker 

VI 

It 893 

8 408 

•F 

Imposs 

“F 

344 7 

Intposs 

la SaS 

7 984 

227 6 

, 

420 4 

0 0402 

13 310 

7 570 

381 0 

001717 

J77 * 

0 *2J3 

*3 957 

7 *65 

535 5 

0 1050 

733 8 

0 2306 

*4 79* 

6 762 

694 I 

0 ->137 

8954 

03498 

IS 736 

6 359 

8564 

0338s 

1060 6 

04871 

16 770 

5 963 

1020 9 

0 4808 

1228 I 

0 6416 

17 960 

5 568 

1190 1 

0 6451 

1401 0 

0 8211 

19 301 

5 181 

136* I 

0 8318 

*5745 

I 0231 

20 8SS 

4 795 

1536 3 

1 0522 

*753 S 

* 9595 

22 660 

4 413 

17150 

I 3*0 

*934 9 

I 5404 

34 801 

4 032 

1886 I 

I 603 

2108 2 

* 855 

25 044 

3 993 

1893 2 

1 623 

2113 4 

X 887 

25 278 

3 956 

1914 8 

1 663 

2135 9 

I 919 

*5 S*7 

3 9*9 

1939 2 

t 691 

2150 I 

* 957 

25 760 

3 822 

1947 6 

I 726 

2168 9 

I 986 

26021 

3 843 

1966 2 

I 763 

2187 8 

2 027 

26 274 

3 806 

1984 7 

* 798 

2206 6 

2 068 

a6 533 

3 769 

1989 8 

I 822 

2210 4 

2 0S9 

a6 802 

3 73* 

19949 

I 841 

2214 3 

2 III 

37 078 

3 693 

20*5 5 

I 882 

2235 3 

2 IS5 

37 352 

3 656 

202 1 I 

I 905 

2239 7 

3 179 

37 632 

3 619 

2038 6 

1 946 

2257 6 

2 222 

27 917 

3 582 

2057 7 

1 984 

2277 9 

2 266 

28 209 

3 ‘:45 

2c74 2 

a 02s 

2293 8 

2 305 

28 514 

3 507 

3093 8 

2 068 

23*3 8 

2 354 

28 827 

3 469 

2112 6 

2 II4 

2332 9 

2 400 

29 *37 

3 432 

21309 

2 *55 

23s* 6 

2449 

29 455 

3 395 

21365 

2 183 

23560 

2 473 

29 772 

3 359 

2154 8 

s 228 

2374 8 

2 524 

30 120 

3 320 

2174 9 

2 273 

2403 3 

2 589 

30460 

3 sSj 

3192 4 

2 320 

241J 0 

2 631 

34 305 

2 915 

23800 

2 862 

2604 0 

3 211 

39 246 

2 549 

2549 7 

3 5*5 

2774 3 

3 9*2 

45 766 

3 185 

27340 

4 404 

2961 2 

4 878 

54 834 

1 8-*4 

2876 2 

S 533 

3103 s 

6 too 

70 126 

I 466 

3068 2 

7 348 

3297 8 

8 058 
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Inch Producible per i Lb. of Clinker Produced when the Slurry Moisture is 
is Preheated to Various Degrees by the Outgoing Clinker. 

per I lb. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering Combustion. 
Air Preheated to 800° F. 

Entering Combustion. 
Air Preheated to 1,000® F. 

Entering Air at Maximum Tempera- 
ture to which it can be Preheated by 
Outgoing Clinker, 

1 

Exit 

Tempera- 1 
hire of 
Kiln 
Ga.ses. 

VII. 

Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 

VIII. 

Exit 

Tempera- 
ture of 
Kiln Gases. 

IX.- 

Number of , 
Lbs. Steam 
Produeible 
per I Lb. of 
Clinker. 

X. 

Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 

XI. 

Tempera- 
ture of 
Entering 
Combustion 
Air. 

XII. 

Exit 

Tempera- 
ture of 
Kiln Gases. 

XIII. 

°F. 

6 oS-S 

0.1325 

°F. 

739.2 

0.2080 

0.6471 

°F. 

2039 

°F. 

1469.4 

685.5 

0.1842 

821.2 

0.2586 

0.6866 

1944 

1491.9 

845.5 

0.2900 

983.1 

0.3777 

0.7849 

1853 

1596.1 

1006.7 

0.4093 

1146.3 

0.5035 

0.8911 

1764 

1702.3 

1172.8 

0.5441 

1313.7 

0.6423 

0.8691 

1674 

1807.6 

1341 . 4 

0.6950 

1485.2 

0.8062 

1.440 

1584 

1918.2 

1513.2 

0.8690 

1659.0 

0.9879 

1.292 

1494 

2029.6 

1689.7 

I.091 

1837.8 

1.196 

1.470 

1403 

2146.8 

1868.0 

1.292 

2018.3 

1.429 

1.659 

1315 

2259.9 

2050.9 

1.556 

2203.4 

1.7095 

1.745 

1226 

2379.5 

2237.3 

1.862 

2392.0 

2.060 

2.149 

1137 

2499.6 

2412.2 

2.209 

2568.2 

2.397 

2.441 

1047 

2605.1 

2416.4 

2.236 

2571.5 

2.420 

2.4652 

IC4I 

2613.7 

2439.9 

2.280 

2595.6 

2.4699 

2.5022 

1031 

2621.6 

2453.5 

2.314 

2608.9 

2.508 

2.5288 

1024 

2627.6 

2473.2 

2.357 

2628.9 

2.550 

2.563 

1015 

2636.8 

2492.5 

2.393 

2648.5 

2.568 

2.598 

1006 

2645.4 

2511.8 

2.445 

2668.0 

2.6412 

2.63 s 

997 

2654.6 

2513.8 

2.467 

2669.2 

2.6694 

2.649 

988 

2663.8 

2516.1 

2.490 

2670.6 

2.688 

2.664 

979 

2672.4 

2537.6 

2.542 

2692.4 

2.738 

2.706 

970 

2681.9 

2540.6 

2.567 

2694.4 

2.767 

2.733 

962 

2690.1 

2558.8 

2.611 

2712.0 

2.8125 

2.766 

953 

2697.5 

2578.7 

2.673 

2733.1 

2.8353 

2.807 

944 

2704.5 

2595.9 

2.707 1 

2750.4 

2.914 

2.848 

935 

1 2711.0 

2616.3 

2.755 

2771 .2 

2.965 

2.892 

926 

2718.3 

2638.8 

2.820 

2791,1 

3.024 

2.932 

917 

2727.3 

2655.1 

2.865 

2810.4 

3.080 

2.982 

910 

2736.3 

2658.0 

2.891 

2812.6 

3.113 

2.996 

899 

2745.7 

2677.2 

2.946 

2832.0 

3.166 

3.035 

891 

2753.7 

2713.1 

3.024 

2856.6 

3.217 

3.124 

881 

2760.7 

2719.4 

3.061 

2871.9 

3.286 

3.1435 

872 

2771.9 

2912.3 

3.704 

3070.2 

3.961 

3.650 

781 

2897.6 

3083.4 

4.483 

3241.5 

4.777 

4.323 

694 

3000.4 

■ 3273.8 

5.541 

3433.7 

6.586 

S.213 

605 

3120.3 

3416.1 

6.902 

3576.0 

7.309 

6.332 

S16 

3193.0 

3613.8 

9.075 

3775.3 

9*754 

1 

8.124 

428 

3319 . 5 
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Table 

Showing ike Number of Us of Steam at 150 Lbs Pressure by Gauge per Square 
Retained Constant at 10 per Cent , but the Entering Air 
Atr Supply —10 478 lbs. per i Ib of standard coal of 12,600 B Th U 's 


Chnier Pradttettan 

Emlertng Comiustian 

Air Preh^ted to 100® F 

Entering Comhustim 

Air Preheated to 400® F 

Tons of 
Standard 
Coal per 
loo Tons of 
Clinker 

I 

Lbs of 
Clinler 
per i Lb of 
Standard 
Coal 

II 

Exit 

Temperature 
of Klin 
Gases 

III 

Number of 
Lbs Steam 
Producible 
per 1 Lb of 
Clinker 

IV 

Exit 

Temperature 
of Kiln 

V 

Number of 
Lbs Steam 
Producible 
per 1 Lb of 
Clinker 

VI 

11 893 

8 408 

‘r 

Imposs 

®F 

Imposs 

Imposs 

12 5*5 

7 984 


„ 

„ 

„ 

13 210 

7 570 


,, 

336 I 

,, 

13 957 

7 165 


,, 

„ 

14 79 * 

6 761 


„ 

49 * 4 

0 09689 

IS 726 

6 359 

473 5 

00828 

652 0 

0 2216 

x6 770 

s 963 

634 4 

0 2165 

816 7 

0 3 SSS 

17 960 

5 568 

802 2 

03732 

988 9 

0 5409 

19 ioi 

5 181 

9738 

05537 

1164 0 

0 7367 

*o8ss 

4 795 

** 5 * 9 

0 7664 

1346 2 

0 9664 

23 660 

4 4*3 

*336 * 

I 015 

*534 8 

1 240 

24 801 

4 032 

*519 3 

1 306 

1721 4 

■ S 7 * 

25 044 

3 993 

*5309 

* 329 

*732 * 

1 576 

25 278 

3 956 

*552 * 

* 36s 

■7538 

I 616 

25 5*7 

3 9*9 

1368 8 

* 395 

17708 

I 648 

25 760 

3882 

1588 0 

* 430 

1788 9 

1 680 

26 021 

3 843 

1608 2 

* 465 

1810 7 

1 723 

26 274 

3 806 

1627 6 

* 505 

*830 5 

I 764 

26 532 

3 769 

16368 

* 525 

1838 8 

I 786 

26 802 

3 73 * 

1646 s 

* 549 

1847 7 

1 812 

27 078 

3 693 

1666 7 

I 58S 

186S 2 

I 852 

27 35 * 

3 656 

1677 2 

I 614 

1878 0 

I 887 

27 632 

3 6*9 

1696 5 

I 652 

1897 7 

1 922 

27 917 

3 582 

1716 1 

1 692 

1918 3 

I 966 

38 209 

3 545 

*733 7 

I 732 

*935 7 

2 011 

28 514 

3 507 

*755 7 

* 775 

*958 3 

2 051 

28 827 

3 469 

*7758 

1 816 

1978 8 

2 102 

29 137 

3432 

*795 8 

I 861 

*999 4 

2 148 

29 455 

3 395 

1804 7 

I 906 

2007 4 

2 I7S 

29 771 

3 359 

18244 

* 925 

2027 5 

2 223 

30 120 

3 320 

*845 S 

I 981 

2049 6 

2 279 

30 460 

3 283 

1865 1 

2 025 

2069 I 

2 32s 

34 305 

2 9*5 

2070 3 

2 521 

2279 I 

2 907 

39 246 


226s 7 

3 215 

2476 8 

3 607 

45 766 

2185 


4 082 

2690 3 

4 567 

54 824 

I 824 

26479 

5 746 

2864 6 

5 786 

70 126 

I 466 

28739 

7 039 

3094 8 

7721 
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II 


hull Producible per i Lb. of Clinker Produced when the Slurry Moisture is 

is Preheated to Various Degrees by the Outgoing Clinker 

per lb. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering CombustioJi . 
Air Preheated to 800° F. 

Entering ComhusUon . 

Air preheated to i ,000® F. 

Entering Air at Maximum Tempera - 
ture to which it can be Preheated by 
Outgoing Clinker * 

E'cit 

Tempera- 
ture of 
Kilir 
Gases. 

VII. 

Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 

VIII. 

Exit 

Tempera- 
ture of 
Kiln Gases. 

IX. 

Number of 
Lbs. Steam 
Producible 
per 1 Lb. of 
Clinker. 

X. 

Number of 
Lbs. Steam 
Producible 
per 1 Lb. of 
Clinker. 

XI. 

Tempera- 
ture of 
Entering 
Combustion 
Air. 

XII. 

Exit 

Tempera- 
ture of 
Kiln Gases. 

XIII. 

°F. 

Imposs. 

Imposs. 

"F. 

299-2 


C.3645 

°F. 

2039 

°F. 

917.7 

266.6 


382.6 

O.OIII 

0.4919 

1944 

955-7 

418.0 

0-0355 

536.3 

C.II7 

0.4963 

1853 

1063.4 

S 7 I -9 

0.1467 

692-5 

0.2348 

0.5742 

1764 

1075.1 

731-9 

C.2881 

855-0 

0.3884 

0.6203 

1674 

1284.9 

897.6 

0.4189 

1023.4 

0.5441 

0.8428 

1584 

1402.2 

1067.5 

0.5836 

II 95-7 

0.6959 

0.9856 

1494 

1521.8 

1 244-5 

0-7755 

1375-6 

0.8959 

1-155 

1403 

1646.1 

1425-5 

0.9900 

I 5 S 9-5 

1.128 

1-347 

1315 

1774-7 

1613-5 

1.250 

1750-3 

1.301 

1-431 

1226 

1902.7 

1808.0 

r-S 53 

1947.6 

1-715 

1.828 

1137 

2044.8 

1998.1 

1.896 

2140.0 

2.075 

M 

M 

00 

1047 

2173.6 

2007.6 

1.922 

2148.9 

2 .I 0 I 

2.139 

1041 

2188.2 

2031.0 

1.967 

2172.9 

2.149 

2.169 

1031 

2196.6 

2047.6 

2.013 

2189.5 

2.185 

2.206 

1024 

2206.6 

2065.1 

2.037 

2206.6 

2.225 

2-235 

1015 

2217.3 

2089.2 

2.086 

2231-7 

2.274 

2.278 

1006 

2236.2 

2109.6 

2.127 

2252.4 

2.319 

2.296 

997 

2240.2 

2116.6 

2.152 

2258.8 

2-343 

2. 330 

988 

2250.2 

2124.4 

2.180 

2266.0 

2.321 

2.353 

979 

2251.1 

2145-4 

2.228 

2287.2 

2.412 

2.388 

970 

2265.8 

2154. I 

2.257 

2295.4 

2-454 

2.409 

962 

2268.5 

2174-3 

2.301 

2515-9 

2.499 

2.474 

953 

2282.4 

2195.1 

2.351 

2337-0 

2-550 

2.492 

944 

2297.1 

2213.6 

2.388 

2355-S 

2.598 

2.561 

935 

2309.4 

2236.9 

2.448 

2379-5 

2.651 

2.573 

926 

2326.4 

2258.0 

2.497 

2401.0 

2.707 

2.617 

917 

2341-3 

2279.4 

2.549 

2422.6 

2.764 

2.665 

910 

2357-7 

2286.0 

2.582 

2428.7 

2.799 

2.686 

899 

2365-1 

2306.8 

2-635 

2449-8 

2 .848 

2-731 

891 

2371.6 

2329.1 

2.695 

2472-3 

2.906 

2.781 

88r 

23S6.6 

2349-7 

2-749 

2493-3 

2.966 

2.826 

872 

2401.0 

2566.3 

3-386 

2713-4 

3.640 

3-367 

781 

2552.6 

2767.0 

4.163 

2915-6 

4-455 

4-013 

694 

2689.1 

2986.3 

5.228 

3137-9 

5-573 

4.919 

605 

2840.9 

3162.8 

6.672 

331S-3 

6.448 

6.00S 

516 

2950.0 

339S.7 

S.736 

3554-3 

9.262 

7.819 

428 

3115-7 
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Table 

Showing th( Number of Us of Steam at *50 Lbs Pressure by Gau^e per Squart 
Retained Constant at 20 per Cent , but Ike Entering Air 
Atr Supply —10 478 lbs per i Ib of standard coal of 12 600 B Th U s 


Chnker Pioduelion 

Kntertng ComtusUon 

Alt Prehnted to too® F 

— 

Entering Comhuilxon 

Air Preheated to 400° F 

Tons of 
Standard 
Coal per 

100 Tons of 
Clinker 

I 

Lbs of 
Clinker 
per i Lb of 
Standard 
Coal 

II 

Exit 

Temperature 
of Kiln 

in 

Number of 
Lbs Steam 
Producible 
per I Lb of 
Clinker 

IV 

Exit 

Temperature 
of Kiln 

V 

Number of 
Lbs Steam 
Producible 
per I Lb of 
Clinker 

VI 



®F 


®F 


11 893 

8 408 

Correspondin 

e to entering 





lit a 




12 sas 

7 981 





13 210 

7 570 





13 957 

7 16s 





14 791 

6 761 





IS 726 

6 359 





16 770 

S 993 



423 3 

0 0573 

17 960 

5 568 

4264 

00572 

589 7 

0 *155 

19 3or 

S fSt 

5940 

0 2293 

761 4 

0 4ori 

208SS 

4 795 

770 t 

04310 

94* * 

0 6124 

22 660 

4 413 

954 8 

06723 

tiji 9 

0 8840 

24 801 

4 032 

1144 I 

09538 

*3*5 3 

1 1819 

25 044 

3 993 

1*59 0 

0 9806 

1340 i 

I 217 

35 278 

3 956 

1180 I 

1 013 

1361 6 

I 253 

25517 

3 919 

1198 5 

I 0458 

1380 7 

I 300 

25 760 

3 882 

1218 2 

1 0783 

1400 5 

1 3*4 

26 021 


12388 

1 113 

1421 6 

1 376 

26 274 

3 806 

12585 

1 1483 

1441 8 

I 398 

26 532 

3 769 

1272 0 

I 1763 

1454 6 

1423 

26 802 



X 2006 

1466 9 

1 452 

27 078 



1 2384 

1489 9 

I 496 

27 352 

3656 

13196 

I 267 

1501 6 

r 5-2 

27 632 

3 6*9 

1339 7 

I 3003 

1522 3 

I 563 

27 917 

3 582 

1360 0 

1 342 

*543 6 

I 606 

28 209 

3 545 

13774 

1 3S7 


.650 



1401 3 

I 422 

1585 6 


28 827 


1422 6 

I 466 

1607 4 

.H8 

29 137 

3 432 

14330 

t 506 

162S 4 

I 784 

29 455 

3 395 

1456 I 

« 537 

1640 9 

I 817 

29 771 

3 359 

1476 8 

1 574 

1662 I 


30 120 

3 320 

1498 5 

1 626 

1685 0 

I 914 

30 460 

3 283 

15200 

f 673 

1706 5 

1 997 

34 305 

2 915 

1737 4 

# 194 

1929 8 


39 246 

2 549 

*954 9 

g 673 

2151 I 

3 326 

45 766 

2 rSS 

2187 6 

s 517 

2389 S 


54 824 

I S24 

2390 I 

4828 

2595 0 

5 843 

70 r’6 

r 466 

•’6505 

6 581 


7 35 
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Inch Producible per i Lb. of Clinker Produced when the Slurry Moisture is 

is Preheated to Various Degrees by the Outgoing Clinker 

per lb. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering Combustion. Entering Combustion. 

Air Preheated to 800 ° C. Air Preheated to 1 , 000 ° F. 


Number of 
Lbs. Steam 
Producible 


Entering Air at Maximum Tempera- 
ture to which It can be Preheated by 
Outgoing Clinker. 



Clinker. 

VIII. 


641.3 

813.2 

991-5 

1179.0 
1375-5 
1574-5 

1588.1 

1611.2 

1630.2 
1651.1 
1673.0 
1693.9 
1705.8 


1752.1 

1773.4 

1795-1 

1813.5 

1839.0 
1861.7 

1883.4 

1895.0 

1917. 2 

1940.2 

1963.1 
2 IQ 4-5 

2421.1 

2667.2 

2876 .5 
3151-7 


0.2405 

0.2544 

0.4361 

0.6458 

0.8909 

1.182 

1-5205 

1.548 

1.5899 

1.606 

1.6659 

1.710 

1.7456 

1.778 

1.808 

1.856 

1.886 

1.928 

1- 978 

2.019 

2.072 

2.123 

2.173 

2.208 

2- 254 

2.315 

2.369 

3.108 

3- 777 

4.832 

6.162 

8.319 


Exit 

Tempera- 
ture of 
Kiln Gases. 

IX. 

Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 

X. 

°F. 

... 

427.0 

0.0519 

586.5 

0.1965 

752.7 

0-3565 

927-9 

0-5519 

IIO 94 

0.7490 

1300.1 

1-031 

1500.2 

1-337 

1702 . I 

1.692 

1715-3 

1.722 

1739 -I 

1-765 

1758.1 

1-805 

1779-4 

1.844 

1801.7 

1.891 

1822.9 

1-932 

1834-4 

1.965 

1845.6 

1.994 

1869.7 

2.042 

1880.3 

2.071 

1901.8 

2,120 

1924.1 

2.170 

1942.7 

2.210 

196 S .8 

2.271 

1991.8 

2.323 

2014.0 

2-375 

2025.2 

2.415 

2047.7 

2.468 

2071 . I 

2.525 

2094.4 

2.584 

2330.0 

3-557 

2559-3 

4 - 05 S 

2809.3 

5-176 

302 I. I 

6.569 

3299-9 

8.846 


Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 


0.2690 

0*3255 

0.4972 

0.6358 

0.7965 

0.9803 

1.2117 

1-447 

1-731 

1-733 

1-795 

1.828 

1.858 

1.896 

1-930 

1 - 954 
1.972 
2.011 

2.034 

2.073 

2.116 

2.157 

2.197 

2.240 

2.283 

2.307 

2- 350 

2.398 

2-447 

2.976 

3.624 

4-510 

5.646 

7.408 


Tempera- 
ture of 
Entering 


Exit 

Tempera- 
ture of 


457-0 

574.0 

687.8 

796.5 

913.8 

1036.1 

1164.5 

1298.8 

1455-4 

1586.9 

1732.2 

1741-7 

1760.4 

1773-s 

lySg.o 

1805.7 

1820.9 

1826.9 

1832.2 

1850.3 

1855.8 

1871.4 

1887.7 

1900.6 

1920.3 
1937-5 
1955-0 
1959-0 
1976.2 

1992.8 
2010.0 

2181.8 

2348.6 

2530.8 

2675.7 

2 5 81.4 
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Table 

Shoivtng the Number of Lbs of Steam at Lbs Pressure h} Gauge per Squan 
Retained Constant at 30 per Cent , but the Entering Air 
Air Supply — lo 478 lbs per X lb of standvd coal of 12,600 B Th U s 


Clinker Prodnetien 

Entering Comhostion 

Air Prehuted to loo® F 

Entenog Cemlt/me/i 

Air Preheated to 400“ F 

Tons of 
Standard 

Clinker 

LLs of 
Clinker 
per 1 Lb of 
Standard 
Coal 

n 

EtiI 

Temperature 
of Kiln 
Gases 

III 

Number of 
Lbs Steam 
PfodumWe 
per I Lb of 
Clinker 

IV 

Exit 

Temperature 
of Kiln 

V 

Number of 
Lbs Steam 
Producible 
per I Lb of 
Clinker 

Vf 



•F 


“F 


11 S93 

8 408 





18 525 

7 984 





13 210 

7 570 





9S7 

7 165 





14 791 

6 761 





15 726 

^ J59 





16 770 

5 963 





x; 960 

s 56S 





19 30: 

5 iSi 



3666 

0 01x29 

!0 8ss 

4 795 

3966 

003692 

544 4 

0 2146 

sa 660 

4 4 tJ 

5706 

02592 

726 a 

0 459 t , 

24 801 

4 «32 

7604 

0 53*2 

920 7 

07659 

25 044 

3 993 

7780 

0 5596 

9380 

07845 

25 278 


799 5 

0 5739 

950 6 

0 8303 

25 517 

3 919 

816 9 

0 6309 

978 X 

0 8521 

25 760 

3 882 

836 7 

06533 

998 6 

0 8869 

26 021 

3 S43 

857 s 

ofATi 

)020 0 

0 9224 

26 274 

3 806 

877 3 

0 7*87 

1040 4 

09581 

26 532 

3 769 

894 9 

0 7479 

J059 8 

0 9935 

26 802 

3 73* 

9*7 4 

0 7874 

*079 8 

I 036 

27 078 

3 693 

95* 6 

0 8*21 

*094 6 

I 060 

27 352 

3 656 

9470 

a 8416 

iro9 7 

I 0S9 

27 632 

3 6*9 

9670 

08781 

1*303 

* 12S 

27 917 

3 582 

987 8 

09163 

*152 1 

1 170 

2$ 209 

3 545 

1004 7 

09487 

1169 0 

I 205 

28 514 

3 S07 

1030 2 

09787 

**95 3 

I 252 

28 827 

3 469 

1051 4 

I 034 

1217 I 

I 298 

29 137 

3 432 

*072 7 

* 07s 

1239 2 

I 34* 

29 455 

3 39S 

1088 7 

I 109 

1254 7 

I 376 

29 771 

3 359 

1109 7 

r 150 

1276 3 

I 420 

30 120 

3 320 

1132 2 

*•*95 

1300 0 

1 471 

30 460 

3 283 

**54 * 

1 240 

*322 0 

I 5*7 

34 305 

2 915 

13798 

1 749 

1554 5 

2 073 

39 246 

2 549 

1614 8 

2396 

1794 9 

2 767 

45 766 

2 185 

1867 0 

3 263 

2053 9 

3 704 

54 824 

I 824 

2098 0 

4 369 

3289 5 

4 900 

70 126 

I 466 

2235 2 

5 608 

2424 6 

6 280 
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IV 


Inch Producible per i Lb. of Clinker Produced when the Slurry Moisture is 
is Preheated to Various Degrees by the Outgoing Clinker 

per lb. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering Combustion . 
Air Preheated to 800° F. 

Entering Combustion . 

Air Preheated to l ,000*^ F. 

Entering Air at Maximum Tempera - 1 
ture to which it can be Preheated by | 
Outgoing Clinker . 

Exit 

Number of 

Exit 

Tempera- 
ture of 
Kiln Gases. 

Number of 

Number of 

Tempera- 


Tempera- 

Libs, bteam 

Lbs. Steam 

Lbs. Steam 

ture of 

Tempera- 
ture of 
Kiln Gases. 

ture of 

Producible 

Producible 

Producible 

Entering 

Kiln 

per I Lb. of 

per I Lb. of 

per I Lb. of 

Combustion 

Gases, 

Clinker. 

Clinker. 

Clinker. 

Air. 

VII. 

vin. 

IX. 

X. 

XI. 

XII. 

XIII. 

“F. 


“F. 



°F. 

2039 

°r. 






1944 



• * » 




1853 







1764 



• • • 




1674 



. . • 



0.08897 

1584 

452-2 




... 

0.2210 

1494 

571-7 

3<3S-9 

0.0370 

494.6 

0.1426 

0.3644 

1403 

658.4 

565.6 

0.2310 

662.2 

0.3435 

0.5460 

1315 

832.3 

7S1.I 

0.4681 

856.9 

0.6216 

0.7743 

1226 

992.6 

960.5 

0.6198 

1070. I 

0.8867 

1.020 

1137 

1146.1 

1141.3 

1.070 

1254.2 

1.235 

1.236 

1047 

1280.9 

1158.1 

I.IOI 

1270.8 

1.266 

1.299 

1041 

1294.2 

1179.9 

I.I42 

1290.5 

1.308 

1.337 

1031 

1311.8 

1199.9 

1.176 

1313.4 

1.343 

1.364 

1024 

1327.1 

1221. 2 

1.215 

1335.2 

1-385 

1.399 

1015 

1343.9 

1243.4 

1.254 

1357.8 

1.427 

1.432 

1006 

1361.4 

1264.6 

1.295 

1379.4 

1.469 

1.467 

997 

1377.6 

1283.8 

1.323 

1398.5 

1.508 

1.495 

988 

1391.6 

1303. 1 

1.369 

1417.5 

1-545 

1.529 

979 

1405.5 

1416.1 

1317.4 

I .401 

1433.5 

1.584 

1. 555 

970 

1333.4 

1.434 

1448.0 

1.615 

1-573 

962 

1426.2 

1442.6 

1354.9 

1.479 

1469.8 

1.660 

1.616 

953 

1377.1 

1.523 

1492.5 

1.708 

1-655 

944 

1460.0 

1395.0 

1.578 

1510.7 

1-753 

1.688 

935 

1472.9 

1422.4 

1.609 

1538.5 

1.809 

1-735 

926 

1495-2 

1445.1 

1.666 

1561.9 

1-859 

1.772 

917 

1509.5 

1468.1 

1.716 

1585.2 

1.909 

1.823 

910 

1522.2 

1483.1 

1.752 

1600.0 

1.949 

1.849 

899 

1540.5 

1558.6 

1505.5 

1.802 

1622.8 

2.002 

1.892 

891 

1529.6 

1.857 

1647.5 

2.059 

1.936 

881 

1577.0 

1553.0 

I.9II 

1671.2 

2.117 

1.983 

S72 

1595.2 

1783.4 

1976.0 
2184.8 

2364.0 

1794.8 

2.525 

1917.9 

2.510 

2.499 

781 

2042.4 

3.294 

2169.2 

3-568 

3-106 

694 

2311.0 

4.329 

2442.7 

4.661 

4.024 

605 

2552.8 

5.657 

2687.6 

6.046 

5-107 

516 

2698.9 

6.933 

2839.3 

7.720 

6.003 

428 

2443.4 
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Table 

Showing the Number of tbs of Steam at 150 Lbs Pressure by Gauge per Square 
Retained Constant at 40 per Cent , but the Entering Air 
Air Supply lbs per i lb of standard coal of 12,600 B Th U ’s 


Chnker Prcduetien 

EntenHg Comhustton 

Air Prebated to loo® F 

Entering Combustion 

Air Preheated to 400® F 

Tons of 
Standard 
Coal per 

100 Tons of 
Clinker 

Lbs of 
Chnker 
per I Lh of 
Standard 
Coal 

II 

Exit 

Temperature 
of Kiln 
Gases 

III 

Number of 
Lbs Steam 
Producible 
per I Lb of 
Clinker 

IV 

Exit 

Temperature 
0^ Kiln 

V 

Number of 
Lbs Steam 
Producible 
per I Lb of 
Clinker 

VI 

11 893 

12 525 

13 210 

13 9S7 

14 791 

15 726 

16 770 

17 960 

19 301 

8 408 

7 984 

7 570 

7 i<5S 

6 761 

6 359 
S9«3 
SS68 

S t8r 

•F 

Exit Tempe 
tpondin 

arure Corre 

®F 

Exit Tenpe 

rature Corre 

20 855 

22 660 

24 801 

4 795 

gtolV 

spending to VII | 

4 032 

‘3678 

0 0030 

5069 

0 2160 

25 044 

3 993 

387 0 

0 0324 

526 0 

0 •'466 

-5 278 

3 956 

405 5 

c o6ts 

545 3 

0 2771 

2S S«7 

3 919 

424 0 

0 0898 

564 2 

0308s 

25 760 

3882 

444 0 

0 1216 

584 8 

03439 

26 02{ 

3 843 

4640 

0 >538 

60s 5 

03768 

26 274 

3 806 

483 5 

0 1863 

62s s 

04132 

26 532 

3 769 

sot 7 

0 2158 

643 7 

04446 

26 802 

3 731 

5196 

0 2463 

661 4 

04746 

27 078 

3 693 

S4« 3 

0 2816 

6838 

0 5131 

27 352 

3 >556 

5586 

0 31-6 

700 8 

0 5456 

27 6J2 

J 619 

5786 

OJ443 

721 6 

0 5838 

•>7 917 

3 582 

598 9 

0 3822 

742 6 

0 6212 

28 209 

3 54S 

619 2 

0 4181 

763 6 

0 6615 

28 514 

3 507 

6405 

04573 

7S5 6 

0 7036 

28 827 


661 6 


807 4 

0 7441 

137 

3432 

6828 

05350 

829 2 

0 7877 

29 4SS 

3 395 

700 5 

05686 

847 0 

0 8240 

29 771 

3 359 

721 7 

0 6091 

868 6 

0 8672 

30 120 


744 •’ 

06552 

891 7 

0 9150 

30 460 

3 283 

766 0 

0 6948 

9H 3 

0 9616 

34 305 

2 915 

910 0 

* 013s 

1061 0 

I 318 

39 246 

2 549 

1240 0 

1 8218 

1402 0 



2 185 

1506 0 

2 672 

1676 3 

3 099 

54 824 

1 824 

17630 

3 760 

19390 

4 275 

70 i-’6 

I 466 

20SS 0 

5 512 

2273 0 
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V 


Inch Producible per \ Lb. of Clinker Produced when the Slurry Moisture is 
is Preheated to Various Degrees by the Outgoing Clinker 

per lb. entering at 60° F. Clinkering temperature assumed to be 2,500° F. 


Entering Combustion . 
Air Preheated to Soo° F. 

Entering Combustion . 
Air Preheated to T ,000*^ F. 

Entering Air at Maximum Tempera - 
ture to which it can be Preheated by 
Outgoing Clinker , 

Evit 

Tempera- 
ture of 
Kiln 
Gases. 

VII. 

Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 

VIII. 

Exit 

Tempera- 
ture of 
Kiln Gases. 

IX. 

Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 

X. 

Number of 
Lbs. Steam 
Producible 
per I Lb. of 
Clinker. 

XI. 

Tempera- 
ture of 
Entering 
Combustion 
Air. 

XII. 

Exit 

Tempera- 
ture of 
Kiln Gases. 

XIII. 

"F. 


°F. 



°F. 

°F. 






2039 







1944 







1853 







1764 







1674 







1584 







- . ^ . f Exit Temp. Corre- 



Exit Temperature Corre- 


14941 spending to XIV. 

Exit Temperature Corre- 

spending to XIII. 


1403 

... 

spending to XI. 


, 

O.OI 2 I 

1315 

374-8 

II 1 






*>24.6 

Soi-S 

0.1988 

595-4 

0.3363 

0.4344 

1137 

661.0 

698.1 

0-5153 

796.0 

0.6676 

0.7048 

1047 

819.1 

717-1 

0-5-156 

814.9 

0.7086 

0.7339 

1041 

835-3 

737-6 

0.5802 

836.6 

0.7410 

0.7655 

1031 

852.4 

757-7 

0.6163 

856.4 

0.7761 

0.7949 

1024 

867.6 

778.4 

0.6512 

877.6 

0.8163 

0.8266 

1015 

885.2 

800.0 

0.6888 

899.6 

0.8566 

0.8613 

1006 

902.8 

821.1 

0.7273 

921. 1 

0.8963 

0.8945 

997 

919-5 

838.9 

0.7638 

938.9 

0.9307 

0.9248 

988 

932.9 

856.6 

0.8006 

956.5 

0.9669 

0.9550 

979 

946.0 

879.8 

0.8405 

980.1 

1 .012 

0-9857 

970 

965.0 

896.8 

0.8752 

997.1 

1 .046 

I.017 

962 

977-9 

918-5 

0.9131 

1019. 2 

1.091 

1.047 

953 

995-1 

940.1 

0.9528 

1041 .2 

1-136 

1.087 

944 

IOI2.9 

962.1 

0.9952 

1063.7 

1.183 

1.125 

935 

1031.0 

985.0 

1.040 

1087.0 

1.231 

1.163 

926 

1049. 1 

1008.0 

1.087 

IIIO.O 

1.280 

1.204 

917 

ro 68 .o 

IO3C.O 

1.038 

1134.0 

1.327 

1.246 

910 

1086.9 

1048.0 

1.183 

1151.C 

1.369 

1.274 

899 

1099.0 

IO7I.O 

1.232 

1174.0 

1.419 

1.316 

891 

1117.4 

1095.0 

1.284 

II99.O 

1.476 

1.361 

881 

1136.5 

1118.0 

1-337 

I223.C 

I -531 

1.406 

872 

1136.0 

1270.0 

1-736 

1376.0 

I -951 

1.717 

781 

1260.0 

1625.0 

2.654 

1739-0 

2.946 

2.546 

694 

1565-2 

I9IO.O 

3-537 

2030.0 

4.017 

3-398 

605 

1795-4 

2182.0 

4.902 

2304.0 

5-377 

4-475 

516 

2008.0 

2524.0 

7.014 

2660.0 

7.618 

6.261 

428 

2291.0 
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CHAPTER XXVII 

THE DESIGN OF WASTE-HEAT BOILERS FOR 
CEMENT ROTARY KILNS 


S3^opsis. — A description is given of recent improvements in heat transmission 
through tubes, whereby the efficient recovery of waste heat has been made possible 
under circumstances formerly regarded as presenting insuperable difficulties. 

Introduction. — The steadily increasing cost of fuel has caused the attention 
of industrialists to be directed to an increasing extent to the recovery of waste 
heat from furnaces. 

The ■writer during recent years has been engaged in carrying out much 
elaborate engineering research work on boiler design for the efficient recovery 
of waste heat from furnaces (with special reference to wet process cement kilns 
with exit temperatures of 700° to 800° F.). An account' of the results attained 
must be interesting to all manufacturers who possess furnaces from which hot 
gases escape thermally unutilised. 

The practical upshot of this research work was to show that such hot gases 
could be economically utilised to a far greater extent than has hitherto been 
deemed possible by our manufacturers. The scientific result was to uphold the 
validity of the film theory of thermal resistance, first put forward by Osborne 
Reynolds in 1874, and later extended by the recent brilliant research work of 
Langmuir, Fry, Jordan, Nusselt, and other workers in America, whose researches 
must be regarded as of an epoch-making character from the point of view of the 
steam engineer. 

It is now established beyond question that, by taking advantage of these 
recent technical advances, waste-heat boilers have been erected of an efficiency 
far exceeding anything generally thought possible. It is possible to use them 
economically with exit gases issuing at temperatures as low as 600° F., and 
when employed in some types of furnaces they will yield more than enough power 
to run the whole of the works. Dirty and dusty flue gases present no terrors 
for a properly designed waste-heat boiler of this type. They need practically no 
attention, but run month after month, with monotonous regularity. 

Systems of 'Waste-Heat Recovery. — Before proceeding to describe the 
means whereby these recent technical advances have been achieved it will be 
advisable to give an account of the usual methods employed in waste-heat recovery. 

Two main systems are in use to-day, namely: (i) the "Water-Tube System, 
and (2) the Fire-Tube System. 

Typical plant of each system will be described briefly. 

I. Water-Tube System . — In boilers of this tj-pe tubes full of water are immersed 
slantwise in a chamber through which the hot flue gases pass. The water in 
the tubes is thereby heated to the boiling-point, and owing to the slanting position 
of the tubes, the hot water immediately rushes through the tubes into a reservoir 
above them and raises the mass of water therein to boiling. One of the best 
waste-heat boilers of this type is the Edge-Moor Waste-Heat Boiler, sho\vn in 
diagrammatic view in Fig. i. a, a, a are the water tubes set slantwise in flues 
through which the waste gases from the furnace pass as indicated. The water 




Fig 2 IS a section showing the arrangement of dampers and flue 
Fig 3 shows the method of sta) mg the headers in the boiler 
Fig 4 shows a boiler being erected 

Fig 5 shows a series of large boilers m position in a gas wxirks 
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in the tubes a, a is heated to boiling and passes out into the headers b, the hot 
water circulating through the boiler as shown. 

Another excellent boiler of the same t)rpe is the well - known Babcock 
& Wilcox boiler. Here the headers are replaced by tubes, as indicated in Fig. 6. 

2. The Ftre-Tube System. — In this system the waste flue gases are caused 
to traverse pipes of relatively narrow bore running through a boiler. Fig. 7 shows 
the plant in diagrammatic form, a is the flue ; b the superheater ; c the boiler ; 
E the fan leading to the chimney, f. 

Fig. 8 shows a Kirke fire-tube boiler, twin drum type, which has been used 
for generating steam from the waste gases of a steel furnace. 

All these boilers are fitted with an automatic feed water regulator and a high 
and low water alarm, so that they require practically no attention. 

The principle of the fire-tube waste-heat boiler is that of the well-known loco- 
motive boiler, which has been worked successfully since the time of George 
Stephenson over a century ago. So that no novelty as regards principle can be 
claimed for this type of boiler. Nevertheless, this ancient boiler, when used for 
waste-heat recovery, can be so designed and so worked as far to exceed any other 



Fig. 7. ' Fig. S. 


kno^vn type of boiler as regards thermal efficiency, simplicity of operation, and 
cheapness of installation . 

This is due to the fact that advantage can be taken of the increased heat 
transmissibility attained by causing the hot gases to traverse the internal pipes 
at a very great speed. To see this needs a brief discussion of the results of modern 
research on heat transmission. 

Comparison of the Water and Fire Tube Systems for Heat Recovery. 

— As regards the fire-tube system the peculiar advantages it presents are as 
follows : — 

T. The gases can be sent through the tubes at a very great speed of 80 to 100 
miles per hour, thereby reducing the thickness of the gas film adhering to the 
steel surfaces to very small dimensions and thus effecting an extremely efficient 
heat transfer. 

2. The plant is very simple and much cheaper to install and work than the 
water- tube system. 

3. The plant needs practically no attention, working year in and year out 
with the greatest regularity and efficiency. 

4. The great speed of the gases through the fire-tubes keeps dust from depositing 
in them. The plant is therefore particularly successful in cement works and 
similar works where dirty flue gases are a feature. 

5. Cold air leakages can be completely avoided. 
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The disadvantage of the fire tube system is that \ery large units are difficult 
to construct on account of the shell thickness required 

Water Tube System — The disadvantages of the uater tube system for waste- 
heat recovery are obvious — 

1 The relatively slow velocity of the flue gas over the boiler tubes does not 
destroy the thermally resisting gas film Hence the heat transmission is bad as 
compared with the fire tube system 

2 It follows that a very large heating surface is necessary to secure the requisite 
heat transmission This makes the plant much larger and more expensive to 
install than the fire tube system 

3 With dusty flue gases continual cleaning and great attention is necessary 
to secure efficiency 

4 Cold air leakage is difficult to prevent If much fan draught is put on 
the boiler, the brick setting leaks and allows the entry of much cold air This 
reduces the quantity of «team produced, and adds uselessly to the volume of the 
products and consequently to the power absOTbed by the fan 

There can therefore be no doubt that, so far as waste heat recovery i$ concerned, 
a fire tube system is economically a better proposition than a water tube system 

Effect of Gas and Water Films on Heat Transfer— In most systems 
of waste heat recovery the heat is 
transmitted from the hot flue gases, 
through a steel boiler wall, to the 
w vter, as indicated in Fig 9 The 
heat flows mainly by conduction, 
radiation playing only a small part in 
the process owing to the low tempera 
ture of the waste gases and the poor 
radiating power of hot gases 

It has been proved that a station 
ary film of gas, mnqp adheres firmly 
to the side of the steel wall which is 
in contact with the hot flue gas, while 
a stationary film of water, rstv, coats 
that side of the steel plate which is in 
contact with the water These films 
are caused by the intense molecular attraction of the molecules forming the 
boundary walls of the steel plate for the surrounding gaseous or fluid molecules 

The thickness of the films ranges from i/t6 to 3/16 in Their effect is to 
coat the steel plite with two non conducting layers which impede enormously 
the passage of he-it through the walls from flue gas to water In fact, the 
♦hejOTaJ. Tytststanrii <iC tbft and. water films sq immetiselY exceeds that of the 
metal wall that the effect of the latter ts quite negligible 

This IS evident from the fact that the thermal conductivities {k) of the various 
layers are as follows — 



fPU 

esmenot 


KAT 

MK* 


CIUMH SHOWING METHOD OF HEAT TRAVEL 
YKROUCHAVASTE HEAT BOILER WALL 
FlO 9 


Air film 
Water film 
Steel plate 


CottdttcltvUy k 

o OJ4 B Th U ’s/hr /sq ft F /ft thickness 
o 340 » .. . .. 

25 000 ft j ,1 ) 


Since the thermal resistances are the reciprocals of the thermal conductivities, 
it follows that the thermal resistances of equal thicknesses of the three lavers 
work out as 1703 24 i Consequently, the air film opposes a resistance to the 
flow of heat no less than 24 times that of a film of water of equal thickness, 
and 1,703 times that offered by an equally thick metal wall 
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In other words, the only influence arresting the flow of heat which the practical 
engineer need consider is the air film. It is necessary to go into some detail 
on this matter. 


F. of the successive faces of the air 


i> be the thickness 


r.cw cf 

MtAT 

n?CM 

HOTC13 


Formula for Calculating Flow of Heat through a Compound Wall. 

Consider a wall composed of an air film, a steel wall, and a water film, as 
shown in Fig. 10. 

Let /j, fi, be the temperatu 

film, metal wall, and water film, as 
indicated in Fig. 10. 

Let 

of each layer in feet. 

Let 7^3, be tlie thermal 

conducti\-it3* of each layer in 
B.Th.U.’s/hr./sq. ft./" F./ft. tliick- 
ness. 

Let rj, r;, rj, be the thermal 
resistance of each layer, and R 
that of the compound wall composed 
of these layers. 




1 ^ 

a 



HlAT to 
BOLER 

WATER 


A'lntH smwavRTiFntft 


rtMtssd, '■'C'vss 4, rwxESS*,. 
caoTi'^. cvaxTvnfi, octmrj. 


DIAGRAM SH0WI’;G HOW HEAT FLOV/S 
THROUGH A COHPOUtJD WALL 
Fic. 10. 


Let Aj, A,, A3, A^, be the suc- 
cessive cross-sectional areas of each layer through which the same quantitj* of 
heat, Q B.Tli.U.’s, flows in the same time, 6 hours. 

The thermal force or pressure driving this quantity of heat, Q, in succession 
through eacli layer of the compound wall, against its thermal resistance r, is the 
icmperaiure difference which e.xists on the trvo sides of each layer. The flow of 
heat follows the same laws as electrical flow or the flow of a fluid through a pipe. 


Hence : 


rate of heat flow across each layer = 


thermal drivi ng force across layer 
thermal resistance of layer 


or 

0 T-j r« 

hence 


or 

Q_ ^1-/4 

+ To -h Tj 

or 

0 R • • • 


(1) 


(=) 

(3) 


The tliermal resistance, R, of the compound wall is the sum of die individual 
resistances ty, r^, of the successive layers composing die wall. Further, 
each individual resistance, r, is proportional to the thickness, d, of die layer, 
and inversely proportional to the cross-sectional area. A, of die path through 
which the heat flows and inversely as the specific thermal conductivity of each 
layer which makes up the wall . 


Hence 


, 

Ai^i 


_ d. 

AM 


A3^3 


and 


R = t-, 


t- + + 


A.j^j ^^3*^3 


(4) 

(5) 


* Unit thermal resistance is that resistance Tihich allows a unit quantitj of heat to flow in 
unit time through a unit area when a unit diflerence in temperature is maintained across a um't 
thickness. The°thermal resistance is the reciprocal of the thermal conductivity. 


13 
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Substituting this value of R m (3), we get 

Q_ 


From this formula most practical problems relating to the flow of heat through 
a compound wall can be solved 


Practical Application of Formula to Waste»heat Boiler— Now let 
us apply formula (6) to the practical case of a wasit keai botler 
Make Ai=Aj = Aj“A4-=i sq ft 
Substitute the conductivities — 


For air film o 014 B Th U /hr /sq ft /i® F ji ft thick 

For steel boiler plate >tj=25 000 B Th U 's „ ,, ,, 

For water film ;tj= o 34 B Th U ,, ,, ,, 

Let d^, be the thickness (m feel) of the air film, steel plate, and water 

film successively, and the temperature of the fiue gas and the temperature of 
the ioiler water in ® F 

Then v\e get by substituting in (6) 

B ThV's transmitted per hour per square foot of heating surfvee 



0014 2500 034 


or BThU s/lir/sq ft/ — _ (7) 

' ' yr 4</, + 2 94a',+o 04</, 

From this formula we can calculate the beating surface required to produce 
a given supply of steam provided we know the temperature of the flue gas and the 
thickness of the various films which coat the boiler plate 
In a practical case let - /j ■» i ooo* F 
For the air and water film let the thickness 

= I in -000833 ft 
For the boiler plate let the thickness 

</j-o 5 in =00417 ft 

Then (7) becomes 


3 Th U ’s/hr /sq ft/= 


o 5950+0 0244+0 0017 


The main influence stopping the flow of heal tr the resistance of the gas film 
A long way behind this tn potency is the nater film, while of quite negligible 
importance is the thickness and nature of the metal enclosing the stater 


Increase of Efficiency Caused by Reducing the Thickness of the Gas 
Film on the Boiler Plates — It is not possible to reduce the thickness of the 
gas film to zero It is, however, possible to reduce its thickness very considerably 
The following table (p 27 7) shows what an enormous effect the reduction of the 
thickness of the gas film has on uicreasing the flow of heat from the fiue gases 
into the water per square foot of heating surface 

Reducing the thickness of the gas film by one half increases the flow of heat 
by nearly 100 per cent Bj reducing the thickness of the gas film to one tenth 
Its original amount, we increase the flow of heat by over 600 per cent , and bj 
reduang the thickness to one hundredth of its original amount, we increase 
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Table I 


Thickness of Gas Film 

o.i in. 

0.05 in. 

o.oi in. 

1 

• 1 

0.001 in. |0.oooi m. 

Zero. 

B .Th .U .’s transmitted per 

I sq.ft, of heating surf ace 
per hour per 1,000° F. 
temperature difference . 




j 

) 


1610 

3090 

iIj682 

31,250 j 37,453 

38,314 


the flow of heat from i,6io to 31,250 B.Th.U.’s per sq. ft., or by nearly 
2,000 per cent. 

The effect of reducing the thickness of the water film is negligible in comparison 
with the effect of reducing the gas film : — 


Table II 


Thickness of Water Film. 

B.Th.U.’s Transmitted 
per Square Foot of 
Heating Surface per 
Hour per i >000° F. 
Temp. Difference. 

In. 


O.I 

1610 

0.05 

1642 

O.OI 

1669 

0.001 

1675 

0.0001 

1676 


Hwe you will see that reducing the thickness of the water film to one-half 
its original thickness only increases the flow of heat by 2 per cent., and reducing 
the thickness to one-thousandth part of the original thickness merely increases 
the flow of heat by 4 per cent. Reducing the thickness of the metal shell of the 
boiler to zero merely increases the flow of heat by 0.25 per cent. — a perfectly 
negligible amount. 

Hence we now see what we must do in order to increase the efficiency of a 
waste-heat boiler. PFe must reduce the thickness of the gas film covering the steel 
boiler plate to the smallest practical dimensions possible. 

Method of Reducing the Thickness of the Gas Film by Increasing 
the Speed of Gaseous Flow over the Boiler Plate.— We have just seen that 
the predominant influence checking the flow of heat into the boiler water from 
the flue gas is the presence of a gas film. We have also shown that even a slight 
reduction in the thickness of this film enormously increases the efficiency of the 
boiler by increasing the transmission of heat. 

The problem now is : How are we to reduce the thickness of this gas film i 
The answer is ; By increasing the speed of gaseous flow over the metal surfaces. 
By this means we tear away many of the molecules of the gas adhering to the 
metal, and thus reduce the thickness of the stationary gaseous layer. 

Let us consider this effect in greater detail. Consider a gas flowing along a 
steel boiler tube akaa (Fig. ii). The gas sorts itself out into different layers 
moving at different speeds. In the centre occurs a core of gas (cc) moving at 
the maximum speed. Surrounding it occurs a more slowly moving layer ff. 
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Along the sides is a layer of stationary motecules, forming the heat resisting 
gaseous film 

The gaseous molecules attract each other Consequently, one layer of molecules 
moving rapidly over another tend to pull or drag the slower moving molecules 
along with them The more rapid the motion of the gaseous layer, the more 
pronounced is this dragging action The more rapidly the gas flows down the 
pipe, the greater will be the relative motions between the stationary layer ee 
and the next layer ff, and consequentlv the mote pronounced will be the tendency 
of the layer ff to pull away and set in motion the stationary layer ee It is there 
fore obvious that the movement of furnace gases over the heating surfaces tends to 
destroy or make thinner the gas film clinging to the plates, and the greater the 
velocity of the gas, the thirmer the gas film 

We should therefore expect that increasing the speed of gas through a fine 
lube will greatly increase the rate of heat transmission through such a tube 
Experiment has confirmed this 

In 1844 Pcclet pointed out the existence ofa water film (“ TraitddelaChaleur,” 
chap viii , p 13) In 1874 Osborne Re)mold3 [Proc Man Lit b" Phtl 
Soc , 1874, p 9) published an epoch making paper, in which he put forward 
the idea that the transmission of 
heat depended upon the speed of the 
gas Stanton [Rbtl Trans Roy 
Soe vol 190, p 67) and Nicholson 
confirmed this work 

In 1912 Langmuir, in America, 
began to publish his remarkable 
researches on gas films and the 
effect of velocity upon the thickness 
of the film and upon heat transfer 
iPhys Review 34 p 421 , Trans 
Amer Flectroehem Soe , 23 299, 
1913) He demonstrated by means 
of a delicate thermocouple that on 
a hot silver phte between 150* and 
soo* C an air film of 4 ni™ 
existed 

The work was continued in America and an extremely important senes of 
researches has been published there within the last few jears which has settled 
the question, so far as ordinary engineering is concerned, of the heat transfer ot 
flue gases to boiler water * 

Lolog Formula for Heat Transmission— As this work is so funda 
mentally important, I will give a brief account of it 

The preceding authors had clearly established the fart that when hot flue 
gases pass down a boiler tube the heat transmission in B Th U s into the water 
per unit of time and per unit of beating surface is not the same for each unit 
of tube length 

The curve (Fig 12) shows this The ordinates represent the amount of heat 
remaining in each lb of waste gases for each unit length along the tube The 
temperature difference between the water in the boiler and the waste gases is 
larger at the commencement of the tube than at the end of the tube This causes 
a much greater amount of heat to be transmitted into the water m the earlier 
parts of the tube than towards its end Thus by the time one half of the tube 
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has been traversed the gas has yielded up to the water about 75 per cent, of its 
available heat. 

Professor Hedrick showed that the loss of heat from a gas travelling do^vn a 
flue is given accurately by the expression : — 

Log . e- (8) 

( 9 ) 

where x is the length of the tube 
traversed by the gas, c and m are 
constants, and is the quantity of 
heat (reckoned from absolute zero) 
remaining in the gas after it has 
traversed the length x, while e is the 
Napierian base of logarithms. 

The physical significance of this 
is that the heat in the gas is im- 
parted to the water at a rate which 
diminishes exponentially as the dis- 
tance X increases down the tube, 
but at any one particular distance x 
the rate is directly proportional to 
the quantity of heat H, left in the 
gas, as reckoned from absolute zero. 

This formula may be applied 
practically to boiler design as 
follows ; — 

Let Ho = absolute quantity of heat (in B.Th.U.’s) contained in i lb. of gas 
(reckoned from absolute zero) as it enters the boiler tube (x = o). 

H,=absolute quantity of heat (in B.Th.U.’s) remaining in i lb. of gas 
(reckoned from absolute zero) after it has traversed a lengths: ft. 
of boiler flue. 

H =absolute quantity of heat (in B.Th.U.’s) contained in r lb. of gas 
(reckoned from absolute zero) when its temperature reaches the 
temperature of the water in the boiler. 

Then in (8) let .^=0 and becomes = i and log Ho=C. 

So that C is the quantity of heat (reckoned from absolute zero) contained in 
1 lb. of gas as it enters the tube (x=o). 

Then (8) becomes 

Log H,=(log Ho)«""" .... (10) 

Now the practical conditions of the problem require that when the tube is 
infinitely long (x= co) the temperature of the gas ultimately reaches that of the 
surrounding water, and therefore as x->-<x . 

Hence, divide (10) by log H„ and we get 

LogS: =log . . . - (ii) 

Equation (ri) satisfies all the practical boundary conditions because a: = «) 
gives e“"“ = o. 

Log or H„.=H„, 



giving 
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x«ogi\es ^-“'=1, 


gi\ing the identity Log ^=log^ 

Now , taking logs of («), obtain the formula 

Lcig{logS^)-log {loggt|-„^: („) 

or, as IS more tisuallj wTitten 


Lolog ^=lolog (i2a) 

We must now evaluate m It is independent of the length of tube x, and must 
be a coefficient depending upon the size of the pipe and the w eight of gas flow ing 
More heat can be abstracted from the same weight of gas if the rrMS secl:snaJ 
area of the passage is reduced For this increases the number of contacts the 
molecules of the gas make with the surface of the tube through which it is flowing 
Now the hidrauhc mean depth (i) is a factor which is intimately related to the 
frequency with which a gaseous molecule will strike the surface of the wall, 
os IS obvious from the definition 

Hydraulic mean depth of full pipe-"°” se="°"s' wea 
perimeter 

Hence m should contain the h)draulic mean depth (/J) as a factor 
Also we ha\e seen that the greater the speed of gaseous flow through a pipe, 
the greater the transmissibility of heat Hence m must also contain an allowance 
for the speed of flow of the gas through the pipe 

Now it has been found empirically from the results of the experiments referred 
to aboiethat 

fn^o (rs) 

where weight of gas flowing in lbs flir 
<S=h}draulic mean depth of flue 

For 1 full circular pipe of diameter d m completel) filled with flowing gas 
w e ha> e 

i (14) 

4 4 

where d is the diameter of the tube m inches These formula allow exact design 
of boilers to be made when the tubes are of 2 in diameter or less In fact, so 
precisely do the practical results follow these laws that we can predict exactly 
the amount of steam producible from any gi\en size of fire tube boiler, provided 
that we know the chemical composition and temperature of the exit gas The 
efficiency of such boilers, designed from these formula, enormously exceeds that 
of the older types Obviously, however, for each particular furnace the boiler 
must be carefully designed, the tubes put in of the right length and diameter, 
the fan power supplied correctly calculated from the viscositj of the flue gas, so 
that they can be drnen through the tubes at the correct speed The frictional 
resistances of the hot gas in the pipes and flues must be calculated so as to avoid 
the deposition of dust and eddy currents In other words, scientific design is 
essential 
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Calculation of the Heat Content of the Gases.— In order to obtain the 
heat content of the gases it is necessary to calculate the molecular specific heat 
of the compound gas by means of the formulae ; — 

(1) For diatomic gases, air, Ng, Og, Hj, CO, 

C/ = 6. 93 + 0.1254 X B.Th.U.’s per i lb. molecule per 1° F. increase. 

(2) For carbon dioxide, COg, 

For T<29 oo ; C,, = 7. 15 + 3.9 x io"®T-o,6 + io~®T 2 . 

ForT<290o; C,,= 12.196 + 0.42 x io~^T. 

(3) For water vapour, H^O, 

C,, = 7.8 + 0.3 X io“^T + 0.315 x io~®T^. 

For ordinary boiler flue gas the mean specific heat at constant pressure (C,,) 
per lb .-molecule, measured from the absolute zero of temperature to T° absolute 
on the Fahrenheit scale, is given by 

C,, = 6.6 + o.oco4T B.Th.U.’s. 

The mean molecular weight may be taken as 28.7. 

For other types of flue gases the mean specific heat must be calculated from 
that of the individual gases and their percentage amounts. 


Practical Example of Application to Boiler Design of Lolog Formula. 
— To give a practical example of the use of these formulae in designing a boiler, 
suppose that we have a flue gas issuing from a furnace at a temperature of 1,500° F. 
Let the weight of flue gas to be passed through a single boiler tube be 100 Ibs./hr. 
Let the diameter of the boiler tube be 2 in. and its length 20 ft. It is desired to 
calculate the heat transmission to the water through this tube in B.Th.U. ’s/hr. 
when the temperature of the boiler water is to be 360° F., corresponding to a 
steam pressure of 140 Ibs./sq. in. by gauge. Knowing this, we can calculate the 
size of the boiler and the quantity of steam producible thereby corresponding 
to the given fuel consumption of the furnace. 

Step I . — Calculate lolog 

Temperature of flue gas is 1500 + 460 = 1,960° F. absolute (F.). 

Molecular specific heat of flue gas is (6.6 + 0.0004 x i960) = 6.784. 

Molecular weight is 28.7. 

Whence h = ^ 9 ^° ^ 7 -384 ^ ^ B.Th.U.’s per i lb. gas. 

20.7 

For the water temperature T =360° +460° = 820° F. absolute. 

H,„ = 82o X (6.6 + 0.0004 X 82 o)/ 28.7 
= 198 B.Th.U.’s per i lb. gas. 

Log ~ =log 5^1^=0.40603 
° 198.0 

H — 

Lolog — “ = log 0.40603 = 1 .60856. 


Hence 
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Step z — Calculate the value of mx from (13) 

W = ICO lbs /hr 
4 =JX 2 =i 

whence »* == o 193 x (5)-® 

=0 038812 

* = 20 ft , whence mx—a 77624 
Step 3 — Calculate Hj.from (12). 

Lolog H,/H»=Wog 

=£ 6c^56-o 77624 
= 2 83232 

=log (o 06797) 

whence Log H,/H„=o 06797 

or H,/H,= 1.169s 

whence i 169s x H*=i 1695 x 198 

= 231 5 B.Th U 's per 1 lb gss 

Step 4 —Calculate the heat transmitted per tuie 
The heat transmitted per 1 lb of gas flowing is 

Ho-H. = 504 3-231 s-272 8 B Th U ’s /hr 

Hence 100 lbs ofgas transmit 24,780 B Th U ’s/hr, 

which !s the heat yielded per tube to the water 

Step 5 — Calculate the yield of steam per tube 

From our steam tables we know that with feed water at 60® F to produce i lb 
of saturated steam at 140 lbs /sq in pressure requires 1,172 B Th U s Hence 
each boiler tube will yield 27 280/1172-23 z lbs steam per hour 

Hence, knowing the total weight of flue gas available from our furnace, we 
have the data required to calculate the yield of steam producible, and the number 
of tubes which must be fitted in the boiler shell in order to give the desired steam 
supply 

Technical Research Work —In order to test these conclusions, elaborate 
research work was carried out by the writer at the invitation of the late Mr Bamber 
j&“ OVjisswnrrtaf fbmkmf dlemenr' jliWaikalirenr wiVzuV 

the correctness on the large scale of the abo\e formulE Nearly ;£s,ooo was 
expended on this work , a model waste heat boiler of special design composed 
of tubes 13 ft 10 in x ij m was erected at Swanscombe Cement Works m 1923, 
and was worked by the hot flue gases with such success that a large scale boiler 
was later installed, and proved most successful, giving almost theoretical results 
The larger boiler was attached to a small kiln, which produced 3J to 4 tons of 
clinker per hour with a slurry containing as much as 42 per cent of moisture 
With less slurry moisture the results would have been considerably more favour- 
able, but even under these conditions, wnth an exit temperature of 758® F near 
the superheater, the boiler produced 985 lbs of steam per ton of clinker at 130 lbs 
per sq m , and a temperature of 485® F 

Fig 13 shows the installation, whidi is reproduced by kind permission of the 
Editor of Cement Manufacture, being taken from a paper on “Waste Heat 
Boilers,” by A C Davis, m Apnl 1930 
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The results were so encouraging that a similar boiler was installed at the 
Beddington Cement Works near Croydon, while the writer has recently erected 
three specially designed boilers of a fire-tube type — one at the Thames Portland 
Cement Works at Cliffe, near Gravesend, and another at Messrs Masons’ Cement 
Works at Claydon, near Ipswich, and another at Asheham, near Lewes. 



The results show that from cement kilns working the wet process with exit 
gases entering at as low a temperature as 700° F., a supply of steam can be 
obtained sufficient to run nearly half the works. In general, with the wet process 
of cement manufacture, 100 tons of cement give 50 tons of high-pressure steam. 

This was formerly regarded as impossible. In fact, it was denied that a waste- 


Fig. 13. — Waste-heat Fire-tube Boiler, 
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heat boiler could be used with a wet process cement plant— an absolute prejudice 
devoid of any basis of fact By careful design of the flues and gaseous velocities, 
dust troubles are entirely eliminated, and tte boilers work smoothly, month after 
month, with practically no attention and with automatic efficiency 


Table III 


Typical Technical Data for the Design of a Fire tube IVaste heat Boiler for 
Given Amounts of Steam for Use with iVet process Cement Ktlns 


Dota 


Fuel C^sum^/ien — jg tons standard coal (of 12600 B Th U ’s/lh ) per loo tons 
Slurry iloislure~so per cent 

Exit Temperature— Soa” F at enby to boiler 414® F at esit 

Campatiltan of Gas by CO,=26 1 per cent , Nt=47 7 per cent , excess air 

=3 3 per cent , H,0=22 9 per cent 
I Lb Clinker gives 5 36 lbs exit gas occupjing 181 cub ft at 800® F 
Specific Heat of Exit Gas — o 297 

Denttiy of Exit Cot si SocF F , compared W air at the same temperature is o 94 , 
I cub ft of gas at Soo® F weighs O 0296 lb , and at 400® F it weighs o 0434 lb 


Clinker 

Volume of 
Exit Gas 

Weight 
of Exit 
Gas 

Number 
of Tubes 

BThU s 
Available 
m Exit 


Gross 

I H F at 
10 Lbs 

IIP of 

able 

Output 

At 

400* F 

At 
800® F 

17 Ft X 
I) Id 

Gas 

414* F 

150“? 

Super 

heat 

I 

Driving 

Fan 

for 

^\orks 

Toni 

t 

Cut ft 
p«r &«e 

76 91 

Cul Ft 
F«( S«c 
112 7 

Lti 

104 

382 2 

Iti 
pit Kf 

1 001 

109 

7 

102 

2 



6 670 

20$ 

7644 

2 182 

2I8 

>4 



a 10' 8 

338 2 

10005 


1147 0 

3273 


21 

306 

4 

307 8 





4363 

436 

*§ 



3847 


16 676 


1911 0 

5 454 

11^ 

36 

1?? 

6 



20014 


22940 

6 545 


43 





SIS 


26760 

7 636 

764 

873 

SO 


8 



830 


s 736 

1? 

816 


692 8 

1015 0 




9817 

9S2 

64 

91S 


769 a 

1127 0 

33 350 

1040 

3822 0 

10910 

1091 

71 



846 4 

1240 0 


1141 

42040 

12 oco 


79 



923 S 

‘353 0 

40020 



13090 

1309 





14650 


1349 


14 180 


93 



1077 0 

1578 0 




15 *70 

1527 


14*7 


11540 


5003 

1556 

5731 0 



107 

1529 

16 




1660 

61150 

17 450 

‘745 

114 








*8 545 

1854 



18 




1867 

6S800 

19 635 

1964 

129 



1462 0 



1971 


20 725 

2072 

136 

1936 


15390 

22550 

66 70 

207s 

76440 

21815 


‘43 



Amount of Steam Obtainable from Waste-heat Boilers —The amount 
of steam obtainable depends largely upon the fuel consumption per 100 tons 
clinker produced, upon the amount of water in the slurry, and upon the amount 
of excess air By varying these factors the amount of steam can be increased 
or diminished to almost anv desired amount 

Each particular case must be worked out on its merits 

The following table shows the amount of steam produced on wet and dry 
process kilns working with varying amounts of water m the slurry with a 
fuel consumption in the kiln for producmg good clinker — 
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Fuel 

Consumption. 
Tons of 

Standard Coal of 
12,600 B.Th.U.’s 
per 100 Tons of 
Clinker Made. 

Slurry 
Moisture. 
Per Cent. 

Per 1 Ton 
Clinker Made. 
Lbs. of Steam 
at 200 Lbs. by 
Gauge and 

150“ F. 

Superheat. 

H.P. 

Developed at 
10 Lbs. of 
Steam 
per I.H.P. 
Hour. 

H.P. 
Required 
for Fan. 

Nett H.P. 
Available 
per 1 Ton of 
Clinker 
per Hour. 

Nett I.H.P. 
to Run 
Whole 
Works per 

I Ton per 
Hour Clinker 
Made. 

2S.5 

40 

1091 

109 

7 

102 

300 

26.0 

30 

1208 

I 2 I 

7 

1 14 

300 

25.0 

20 

1694 

169 

7 

162 

300 

23.0 

10 

1777 

177 

7 

170 

300 

21.0 

0 

1926 

193 

7 

186 

300 


By burning more coal than is requisite to produce cement clinker, the amount 
of available heat can be immensely increased, and enough steam can be produced 
to more than run the whole works — as is indeed the practice in the United States. 

The usual rule — which provides an ample margin — for the total H.P. required 
for a wet-process cement works is to multiply the weekly output by 1.8. Thus 
a works producing 1,000 tons of cement a week would require 1,800 
or, per 1 ton clinker made per hour, about 168 x 1.8 = 300 H.P. 

So that, using modem turbines consuming 10 lbs. of steam per I.H.P., 
we require about 3,000 lbs. of steam per i ton clinker made per hour, or 1.34 lbs. 
of steam per i lb. clinker made. 

The following table shows the approximate fuel consumptions of kilns 
requisite to generate all the power necessary to run the whole works, using slurry 
moistures varj-ing from 40 to o per cent., and keeping the excess air down to 
about 5 per cent. 


Table V 


Approximate Minimum Fuel Consumption for Cement Rotary Kilns Generatiiig 
Sufficient Steam in Waste-heat Boilers to Run the Whole Works 


Fuel Consumption. 
Tons of Standard Coal 
(1 2,600 B.Th.U-'s per Lb. I 
per 100 Tons of Clinker 
Made, 

SluiT}’ Moisture. 

Lbs. of Steam at 200 Lbs. 
Gauge and 1 50® F. 
Superheat per i Lb. of 
Clinker Made, 

Lbs. of Steam 
per I Ton of 
Clinker Made. 

39-5 

Per Cent. 

40 

1-34 

3000 

35-3 

30 

1-34 

3000 

31-5 

20 

1-34 

3000 

28.6 

10 

1-34 

3000 

26.6 

0 

1-34 

3000 


The burning of additional coal over that required solely for cernent production 
is obviously misleading as regards the coal consumption for clinker burning, 
but the practice cannot be termed wasteful, because, if the coal supply to the kiln 
were diminished, the steam not generated at the end of the kiln would have to 
be made up by supplying coal to separately fired boilers. Now', in the rotary 
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kiln the coal is burnt under the best conditions, the free oxygen being only about 
I per cent , so that only about s per cent excess air need be present, and practically 
no noticeable amount of caib^ monoxide is produced , whereas furnaces of 
boilers must work with a much larger amount of excess air otherwise great waste 
(through carbon monoxide formation) occurs 

Consequently, a waste heat boiler working in combination with a cement 
kiln forms ideal conditions for economical combustion, and the boiler, being so 
far removed from the fierce heat of the furnace, is not subjected to the wear and 
tear and deterioration prevalent on ordinary boilers working on separately fired 
furnaces 

Composition of the Flue Gases from Cement Kilns —Engineers and 
works chemists will find useful the table on p 27 17 showing the composition, 
thermal properties, and steam raising power of the exit gases issuing from kilns 
burning different amounts of fuel and using slurries containing different amounts 
of minimum moisture, all the flue gas containing amounts of excess air needed 
for complete combustion 

Design of Flues for Cement Kiln Waste-heat Boilers —Where waiU 
keai boilers are employed, it is obvious that the supply of power depends upon 
the regular operation of the kilns It is necessary, therefore, that the load should 
be regular, night and day, seven days the week Also, any stoppages of the 
kilns (which should be seldom) must not prevent output being maintained in 
auxiliary departments Consequently, it is necessary to have one independently 
fired boiler under steam to carry on essential operations during kiln stoppages 
and balance the load For the same reason, on many works the waste heat from 
several kilns may be poured into one flue, whence it is distributed to the boilers 
The disadvantage of this latter arrangement 1$ the enormous cost of the flues 
and dampers To prevent cold air leakage through the bricks, it is practicall} 
essential to have an external steel casing, and to prevent excessive loss of beat 
by radiation, a layer of insulating bricks or material must be placed between the 
steel shell and the firebrick lining This arrangement allows of flexibility, 
but some loss of heat is inevitable, and a loss of 20® to 100® F between exit from 
the kiln and inlet to boilers is not unusual 

Probably the best arrangement is a separate boiler attached to each separate 
kiln, being cheaper and involving Jess loss of heat m the cormectmg flues In 
many cases the installation of a steam accumulator would pay A by piss 
flue must be provided, so that the kiln can be worked independently of the boiler 
m case of a breakdown of the latter. 

Dust andWater Troubles with Waste-heat Boilers —In a cement works 
dust troubles are prevalent, but by skilful rational design of the flues and exits 
thev can be almost entirely eliminated 

The dust adhering to the heating surfaces must be removed preferably every 
eight hours by means of portable steam lances of suitable design suitably 
installed 

In fire tube boilers the dust laden gases must never be allowed to pass directlj 
into a cold boiler, otherwise the condensed moisture will cause caking of the 
flues and much trouble will result The boiler water must invariably be preheated 
either by steam from other boilers or by an independent furnace before connecting 
up to the flue gases 

If attention is paid to these points, no trouble arises with dust, and the boilers 
work year m, year out, with a minimum of trouble 

Obviously, the water for waste heat boilers must be carefull} softened and 
controlled, as scale deposits will soon rum such boilers 
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Some Typical Waste-heat Boiler Plants —Although the installation 
of waste heat boilers has been possible on English works since, at least, 1906, 
the first plant was only put up at Swanscombe Cement Works in 1923 by the 
late Mr H D K Bamber, and the writer earned out the preliminary research 
work This long delay ^vas partly due to lack of enterprise rather than technical 
difficulties, and partly to the neglect of technical research by the British cement 
trade 

In the United States, howeier, the first plant was erected m 1902 at the Cayuga 
Lake Cement Co By 1921 most American cement works were so fitted 
The same applied to European, Australian, and New Zealand cement works 
TJiese waste heat boilers provide all the steam required with efficient turbo- 
generators and electric drives throughout, although this necessitates (as seen 
above) burning somewhat more coal in the kilns than is necessary for clinker 
production 

Most of the plants in the United States were erected by the Edge Moor Co 
and the Babcock & Wilcox Co , and were of the water tube type 

Between 1926 and 1929 the Dewey Portland Cement Co , Davenport, Iowa, 
erected three kilns, ix x 175 ft , each of capacity 250 tons per day, and each fitted 
to a 900 HP Edge Moor four pass boiler This plant provides all the electrical 
power necessary for the works and quarries, including shot els Here the wet 
process is employed 

At Oglesbj , m the United States, are two kilns, joox 11 ft (producing 5,600 
tons of cement per week), equipped with three j,5eo-H P Edge Moor boilers, 
one being used as a stand by In addition this works contains eight 1,000 H F 
boilers attached to kilns producing 9 100 tons of cement per week 

These boilers produce all the power necessary to run the works and quarries 
The wet process is employed 

Messrs Babcock & Wilcox Ltd have specialised m waste heat boilers of the 
water tube type Drawings Nos 27091/1 (Fig 14) and 27091/2 (Fig 15), 
27150/166, and 2S650A are drawings of actual plant put in by this firm, the first 
two drawings showing a boiler of 11,976 sq ft heating surface with horizontal 
tube economiser, which was supplied by them to Messrs Wilson’s Portland 
Cement Co , New Zealand, m 1925 

The sizes of the rotary kilns supplying the hot gases were 

No 2 Kiln— S ft Sin diameter x 160 ft 
No 3 Kiln— 9 ft 6 in diameter x 8 ft x 160 ft 

The power generated from the two kilns is j,6oo to 1,700 kw The turbo is 
supplied with steam at 200 lbs pressure, loo” F of superheat, and works under a 
vacuum of 28J in The water evaporated per hour is staled to be from 22,000 
to 24,000 lbs 

The temperatures of the gases were given as 

(a) Entering the boiler at 932" F (but it is more likely that at the boiler inlet 
the temperature would be 1,100® F and the 932® F measured was close 
to the water tubes). 

(d) Entering the economiser at 455® F 
(c) Leaving the economiser at 350® F 

The fan horse power was 112, giving a suction draught at the fan of 6 m 
and at the entrance to the boiler ^ z 3 ui 

A further boiler was installed in 1929, and the following information has been 
given to us 

On a trial for four weeks, with both boilers operating i 264 hours out of a 
possible 1,334 hours, with three out of four rotary kilns connected with the flues, 
the a^erage power developed was 2,500 kw , the steam consumption being 13 5 



Zealand. The Boiler was of 11,970 Sq. Ft. Heating Surface, 
2 Ft. Long. 
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lbs. per kw., which equals an evaporation of 36,750 lbs. per hour from three 
kilns. 

Average temperature feed water entering economiser 180° F. 

Average temperature steam entering boiler . . 350° F. 

Average temperature of exit gases .... 350° F. 

Average temperature superheated steam . . . 500° F. 

The rotary kiln hours were : 

Wet process . . . . t, 097 hours. 

Dry process .... 766 ,, 


Total . 1,863 hours. 

The quantity of fuel burnt was 4,214 tons, and the calorific value 11,491 
B.Th.U.'s per lb. 

With the four kilns running, two on the dry and two on the wet process, the 
two boilers would give an evaporation of 47,000 lbs. of steam per hour, and with 
four kilns all on the wet process the evaporation would be at least 45,000 lbs. of 
water per hour. Each kiln output averaged 150 tons per day, and produced 
S33 kw. per hour. 

Drawing No. 28650A (Fig. 16) shows a plant supplied by the same firm to 
Japan, with a horizontal superheater at the inlet. The expected performance from 
this boiler of 11,000 sq. ft. heating surface would be 28,000 lbs. evaporation per 
hour at 225 lbs. pressure, total temperature 590° F., with the gases off a kiln 
output of iS,ooo barrels per day of twenty-four hours, dry process, gas temperature 
1,500° F., feed-water temperature ioo° F. 

Drawing No. 25705/18 (Fig. 17) shows their latest arrangement of superheater to 
be placed in the inlet flue and arranged vertically with damper so that a proportion 
of the gases can be by-passed from the superheater. In this case the weight of 
gases was given to us as 46,700 kilos, at a temperature of 520° C., and the 
evaporation estimated to be obtained was 5,700 kilos. 

A waste-heat boiler' supplied to Japan was designed so that it could be used 
either for utilising the waste heat from the kiln on dry process, or as a pulverised 
fuel-fired boiler. The working pressure was 255 lbs. and the steam output 
superheated to a total temperature of 350° C. As pulverised fuel had to be 
fired, it was necessary to place the superheater interdeck. 

The performance figures estimated are as follows : — 



Weight of 
Gases, 
Kilos/hr. 

Temperature, 

Evaporation. 

Kilos/hr. 

Ai . 

50,600 kilograms 

480° c. 

5,300 kilograms 

A, . 

5 D 400 » 

440° c. 

4,600 „ 

. 

54,800 „ 

485° c. 

5,700 „ 

Bo . 

55,700 

445 ° C. 

5,000 ,, 

Cl . . . 

52,700 

540° c. 

6,600 ,, 

C„ . 

53,500 „ 

500° C. 

5,950 

Di . 

57,100 

545 ° C. 

7,000 ,, 

D„ . 

58,000 „ 

505° c. 

6,350 


Alternatives to Waste-heat Boilers. — In most cases the instalment of 
waste-heat boilers would pay. In cases, however, where the kilns are very 
efficient and work with a low exit temperature of, say, under 500° F., and where 
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cheap electric power can be purchased, it may be financially more remunerative 
to buy power than generate steam for cmeself 

Indeed, with the grid system of electric supply, super power stations and 
longdistance, high tension electnc transmission power can be delivered to 
many works so cheaply that it scarcely pays manufacturers to entail the heavy 
capital expenditure for power plants and the worry of running them Also, in 
several cases the employment erf x>ooo H P Diesel engines, using crude oil, may 
be more economical than electrical power, although heavy depreciation must be 
allowed for 

Each case must be decided on its merits It is certain, however, that all the 
technical difficulties attendant on the use of waste heat boilers have now been 
oiercome All that is needed is efficient technical design and previous experience 
in this type of work on the part of the designing engineers 



CHAPTER XXVIII 

OVERCOMING HEAT LOSSES IN CEMENT 
MANUFACTURE 

[Tons as used in this article are English tons of 2,240 lbs. To convert the 
figures to American tons of 2,000 lbs. multiply by 1.12. 

Recent Research Work on Cement Kiln Design, with Special Reference 
to Dust, Spray, or Flotation Kilns, and Kilns with Enlarged 
Calcination Zones 

For many years it has been well known that the rotar}- kiln, as at present designed, 
is extremely inefficient from a thermal point of view. 

Thus an ideal kiln could yield 100 tons of cement clinker by the combustion 
of 6.35 tons of standard coal. In actual practice 100 tons of clinker require 
anything from 22 tons of coal (dry process) to 30 tons of coal (wet process); 
and these figures are usually immensely exceeded in most works. 

Consequently many efforts have been made to construct kilns of greater thermal 
efficiency. A brief account may therefore be interesting of recent efforts in this 
direction. 

Before explaining the nature of these efforts a few words must be said regarding 
recent discoveries concerning the causes of the relative inefficiency of cement kilns, 
because all these efforts for improvement are largely based on the discovering of 
what is wrong in existing kilns. 

It should be mentioned that the main portion of this chapter is based upon 
research work carried out by the writer when director of research of the British 
Portland Cement Research Association, between 1922 and 1925. 

Since the closing down of the Research Association in 1925 (following on the 
tragic death of the late H. D. K. Bamber, one of the foremost advocates for 
scientific research in the British cement trade) the research work was continued 
privately by the writer. 

Requirements of a Cement Kiln 

A cement kiln to be commercially successful should (i) be thermally efficient; 
(2) possess a large output. Thermal efficiency without output does not lead to 
commercial success. 

For example, the shaft kiln is considerably more thermally efficient than a 
rotary kiln, and yet rotary kilns have replaced shaft kilns almost everywhere, 
except in a few countries where labour is very cheap and fuel very dear. 

A good shaft kiln can, under suitable circumstances, produce 100 tons of 
clinker from 14 to 18 tons of standard coal (of 12,600 B.Th.U.’s per lb.) against 
22 to 30 tons of coal from a rotary kiln, both working the drj- process. 

The disadvantage of the best shaft kilns, however, is their low output— say, 
150 tons a week against 1,000 to 2,000 tons a week of a modem cement kiln, 
with even less labour than is requisite for a shaft kiln. 

Now why is a shaft kiln more thermally efficient than a rotary kiln ? 

In order to explain this we must go into the thermal history of Portland cement 
clinker. 
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Thermal History of Portland Cement Formation 

In order to make Portland cement we must heat a mixture of clay and calcium 
carbonate (chalk, limestone, etc.). 

But the heat must be supplied in a definite way. We must not only supply a 
certain quantity of heat, but we must also supply it at the right thermal pressure 
(or temperature, as physicists say). 

In order to see this, let us now follow the thermal history of a batch of raw 
material through the kiln. 

As water plays no part in the formation of cement, and is a mere mechanical 
admixture, it simplifies the treatment of the subject to consider that the mixture 
is dry at a temperature of 60° F. (15.6° C.). 

Assume that this batch of raw material consists of . 

1. 1905 lbs. of calcium carbonate (CaCOj). 

0.1846 lb. of kaolin (Al2Si207.2H20). 

0.1540 lb. of hydrated silica (93 per cent. Si02, 7 per cent. H2O). 

0.0312 lb. of ferric oxide (Fe203). 


Total, 1.5603 lbs. 

This mixture, when ignited to about 2,498° F. (1370° C.), will form i.oo lb. of 
cement clinker of the ordinary manufacture in Great Britain. 

As the temperature (or thermal pressure) of this i lb. mass of raw material 
increases — i.e., as it becomes hotter and hotter — different quantities of heat are 
absorbed ; or, so to speak, are pumped into the material at different temperature 
levels (or better, at different thermal pressures). 

The accompanying Table I. shows this, which I have calculated from data 
compiled by the British Portland Cement Research Association. 


Table I 

Quantity of Heat Absorbed by the Solid Raw Materials in Making i Lb. of 
Portland Cement Clinker between 32° F. and the Clinkering Temperature 
2,498° F. 


F F. 
32 

212 

312 

412 

S12 

612 

712 

812 

912 

1012 

1112 

1212 

1312 

1412 

1481 


Quantity of heat in B.Th.U.’s. 

0.00 . . OT7^r\ * 70-29 B.Th.U.’s in 

70.29 at beginning of 212 F.jDue to splitting offr' 

1 77.09 at end of 212 F. j of water ] ^ ® 

117.60 \ 

158.04 ' 

198.59 

239.02 

279*57 

320.01 

360.54 \s34-2o B.Th.U.’s in 

400.89 /preheating zone. 

/44i.42atbeginningof iiiz°F.'l Due to splitting off/ 

(455.32 at end of 1112° F. jofwater from kaolin) 

495.68 
536.08 

576.47 

f 604.49 at beginning of 1481 
(1416.41 at end of 1481° F./811.92 B.Th.U.’s absorbed owing \Decarbon- 
(to evolution of CO 2 by CaCOsiating zone. 





28 4 


CHEMICAL ENGINEERING 


CF 

1581 

x68i 

1781 

isai 

1981 

20S1 

3181 

2281 

2381 

2481 

249S 


Table I — (fonttnued) 
Quantity of heat m B Th U s 
1444 6i\ 

1472 81 
1501 01 
1529 21 1 
tSS 7 41 

1585 61 

: 6 i 3 7 i| 

1641 91' 

1670 2ll 
i 6 g 8 31 ^ 

/t703 II at beginning of 249S® F ^Due to cxoth-rmic 
\lS23 18 at end of 249S* F /reaction 


Sintering lone 


286 70 B U s absorbed m heating the raw 
materials up to 2 498“ F and 1 79 93® B Th U s 
are e\ol\ed \ hen chemical union takes place 
making net absorption 10 677 B Th U s 


Necessaty to Force Different Quantities of Heat at 
Different Thermal Pressures 

Bj studjitig this table you will see that between 32® and 212® F the raw 
material must ha\e forced into it a quantity of beat measured by 70 29 B Th U s 
80 that from a practical point of m«w 70 29 B Th U s must be pumped into the 
raw material at a thermal prteture notbeh v 21-*® F 

Next between 2i'>® and i 481® F you will see that the materia! must hate 
forced into it an additional 534 B Th U s so that the kiln designer must arrange 
matters that this number of B Th U s must be at aiJable itom the surrounding 
heating medium at a thermal pressure between 212® and 1 481® F 

Next at 1481® F —the temperature at which the calcium carbonate begins to 
decompose and etolte carbon dioxide* the material must hate pumped into it no 
less than 812 B Th U s delitered at a thermal pressure abate 1 481® F 

If these B Th U s are atailable from the heating medium at a latter thermal 
pressure than 1,481® F they are of no practical talue so far as decomposing the 
calcium carbonate and expelling the CO* therefrom is concerned At a loner 
thermal pressure than i 481® F the B Th U s simply cannot be pumped into or 
absorbed by the material and they pass away through the kiln unabsorbed and 
without doing any useful chemical work and escape up the chimney to the air 
unutilised merely increasing the exit temperature of the kiln gases in so 
doing 

Finally about 107 B Th \J s must be forced into the material between i 5S1® 
and 2498® F in order to cause the lime and silica to chemically unite to form the 
mixture of calcium silicates known as Portland cement clinker And if these 
107 B Th U s are not available from the surrounding heating medium at a 
thermal pressure of about 2 500® F then no cement clinker is formed no matter 
how many millions of B Th U s are forced through the kiln or how many tons 
of coal are burned 

This fact was strikingly illustrated some years ago by costly large scale expen 
merits earned out by the Associated Portland Cement Sfanufacturers at their 
Swanscombe Works by Eldred He obtamed hot gas denied from a producer, 
and lowered the temperature of the gas below 2 300® F by mixing exit gas with 
It and forced the mixed gases through a rotary kiln fed with slurry The material 
came out merely underbumt and the exit temperature at the end of the kiln shot 
up, while the fuel consumption increased enormously 

These experiments cost nearly ;^5 000 and demonstrated the impossibility 
of making cement by these methods 
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Heat Available above 1,481° F. Valuable in Cement 
Clinker Formation 

It will be seen, then, that the temperature of 1,481° F. (805° C.) is a critical 
temperature at which a great deal of heat is absorbed in the cement kiln at a very- 
high thermal pressure or temperature, because it is the temperature at which the 
calcium carbonate decomposes. 

Hence the kiln may be conveniently divided into two parts— a portion A, 
where the temperature of the raw material is above 805° C. (1,481° F.), and a 
portion B, where the temperature of the raw material is below 1,481° F. 

So that in making 1 lb. of cement clinker the raw-material mixture must be 
subjected to a steadily increasing temperature, starting at 60° F. and finishing at 
about 2,498° F., and the dry raw mixture must absorb 652.5 B.Th.U.’s below 
1,481° F. and 918.6 B.Th.U.’s above 1,481° F. before 1 lb. of cement clinker can 
be formed.* 

Since 1,481° F. (808° C.) is the temperature whereat the calcium carbonate 
begins to decompose in the furnace, obviously no clinker can be formed until the 
chalk does decompose. So that any heat escaping unutilised past the line dividing 
the A portion of the kiln from the B portion is completely lost so far as cement 
formation is concerned — the heat thus escaping being merely employed in pre- 
heating and drying the raw material preparatory for its conversion into clinker, 
but the bulk of it escapes unutilised up the chimney, as just explained above. 
The quantity of clinker formed, therefore, is measured by the amount of heat 
absorbed by the raw material between 1,481° F. (805° C.) and the clinkering 
temperature, 2,498° F.’ (1,370° C.). 

But in a cement kiln practically all heating is effected by means of the hot gas 
evolved from burning coal or oil. Consequently this quantity of heat, absorbed 
by the raw material between 2,498° and 1,481° F., must in the ideal case be 
equal to the amount of heat given out by the hot gas between the time of entering 
the kiln portion A and leaving it for the portion B, since it is the hot gas which is 
the heating agent. 

Now 1 lb. of standard coal (12,600 B.Th.U.’s per lb.) yields 11.278 lbs. of hot 
combustion gas. If this combustion gas from 1 lb. of coal enters into the section A 
of the kiln at its maximum temperature, T° F., and leaves the section A at the 
temperature of 1,481° F. (805° C.), the amount of heat given up by the 11.278 lbs. 
of combustion gas passing down the section A is : 

Q = ii.2 78 xSx (2’-I48i°) in B.Th.U.’s 

where S is the mean specific heat of the combustion gas. 

But the amount of heat required to be absorbed by the raw material in making 
1 lb. of clinker between 1,481° F. (805° C.) and the clinkering temperature of 
2,498° F. (1,370° C.) is 918.6 B.Th.U.’s. Therefore, we get the weight in lbs. 
of clinker W formed by the 1 1.278 lbs. of hot gas derived from 1 lb. of standard 
coal in the section A as : 

T^y_ ii. 278 xSx(r-i 48 i°) 

918.6 


* It should be carefully noted that it is a fallacy to state that the total minimum quantity of 
heat required to make i lb. of cement clinker is 652.54‘9^S*6”^57i*^ B.Th.U.^s, because this 
statement takes no account of the quantity of heat recoverable from the hot clinker and evolved 
gases. Heat is. so to speak, pumped into the raw material from the external surroundings, but 
much of this heat flows, so to speak, through the material and escapes back at a lower temperature 
level (or thermal pressure) to the external surroundings again. In much the same way that a 
stream of high-pressure water flowing through a turbine escapes at a low pressure after having 
done its w’ork — the work being done by loss of pressure — so also, in cement formation, the main 
amount of W'ork is done by the B.Th.U.’s losing their temperature or thermal pressure, the 
quantity of heat being not very greatly altered thereby. 
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Connection between Flame Temperature and Clinker Output 
In the accompinymg Table II I have calculated the number of B Th U ’s 
liberated by the ii 278 lbs of combustion gas evolved iram 1 lb of burning coal, 
when It cools from a given temperature 7 ^ to 1,481* F , and the number of lbs 
of clinker which can be product therefrom theoretically, also the number of tons 
of standard coal (of 12,600 B Th U 's per lb ) consumed per too tons of clinker 
produced. 

The highest possible flame temperature theoretically attainable by this gas is 
Si37o‘' f (2.966° C ), which occurs when the combustion air is preheated by the 
escaping clinker to 2,500* F (1,371* C ) 

A study of this table shows forably the correctness of the contention pt 
forward above — namely, that it is not only the quanUtv of heat which counts, 
but even more so the thermal pressuie (or /emferaiure, as physicists call it), at 
which the heat is delivered to the substance 

For example, 100 B Th U ’s of heat available at a thermal pressure of 212® F 
are much less saluable than teo B Th U ’s atailable at, say, 2,600* F 


Table 11 


Conneeiion beiween Flame Temperature and Clinker Output 


Temperature of Gas 
Derived from Com 
bustion of 1 Lb of 
Standard Coal of 

12 600 G Th U s 
per Lt 

Numberof B Th U $ 
Liberated by 11.27S Lbs of 
Combustion Gas Fading 
from 7^ to 1 4S1* F 
(SOS* C ) 

Number of Lbs of 
Clinker Producible 
per 1 Lb of 
Standard Coal 
Burnt 

Tons of Standard 
Coal Consumed pet 
100 Tons of Clinker 
Produced 

" F 

»C 

BThU $ 

Lbs Clinker 

Tons Coal 

5370 

2966 

14,452 

15 73 

6 36 

4100 

226c 

9 3C» 

10 125 

9S8 

3000 

1649 

5,J>S 

5 S6S 

1.96 

2900 

1594 

4.759 

5 *81 

*9 30 

2800 

153S 

4.405 

4 79S 

20 85 

2700 

1482 

4 053 

4 4*3 

22 66 

2600 

1427 

3.704 

4 032 

24 80 

2500 

1371 

3,358 

3 656 

2735 

2400 

1315 

3,016 

3 283 

30 46 

2300 

1260 

2 677 

2 9*5 

34 30 

2200 

1204 

2,34* 

2 549 

39 25 

2100 

1149 

2,007 

2 i8s 

45 77 

2000 

1093 

I 676 

I 824 

54 82 

1900 

1038 

*,347 

I 466 

70 13 

1800 

9S2 

1,021 

698 

I III 

90 00 

1700 

926 

0 760 

*3* 58 

1600 

871 

37« 

0411 

243 3* 

1500 

815 

60 

0 065 

1538 46 

1481 

805 

0 

0 00 

Inflnite 


In the one case 100 units of heat will produce no cement clinker at all, and in 
the other case the 100 units of heat can be converted into an equivalent amount of 
clinker 

The case is analogous to the ihermal phenomena involved m the formation of 
steam in a boiler For example, millions of B Th U ’s passed through the heating 
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flues of a boiler at a temperature below the boiling point of water (100° C. or 
212° F.) will not generate steam. The elevation of the temperature of the heating 
gases above 212° F. is what decides the value of the heating medium so far as steam 
raising is concerned. 

In the same way, in cement production, the value of the gaseous heating medium 
for producing cement clinker is measured by the number of B.Th.U.’s available 
above 805° C. (1,481° F.). 

For the sake of convenience, the B.Th.U.’s available above 805° C. (1,481° F.) 
are called “ high-grade ” heat, and B.Th.U.’s available below 805° C. are called 
“ low-grade ” heat. 

It will also be seen that the ordinary thermal balance of the rotary kiln is 
practically valueless from a technical point of view, because the quantities of heat 
are all expressed as so many B.Th.U.’s without distingui.shing whether these 
B.Th.U.’s are available at a high or low thermal pressure or temperature. 

For example, the table shows us that when the flame temperature is only 1,481° 
F., it is necessary to burn an infinite amount of coal in order to produce an ounce 
of clinker, whereas, when the flame temperature is at its maximum of 5,370° F. 
(2,966° C.), we can produce 100 tons of cement clinker by the expenditure of 
only 6.36 tons of standard coal. With a flame temperature of 2,600° F. we could 
produce 100 tons of clinker by the combustion of 24.8 tons of standard coal — 
which is practically obtained in many cases. 

It is no exaggeration to say that ignorance of this factor has been largely 
responsible for the lack of progress in cement-kiln design and construction during 
the last thirty years. Many costly experiments have been carried out which 
(it could have been predicted beforehand) were doomed to failure because the 
designers were unaware of this fundamental fact of thermodynamics— for example, 
Eldred’s experiments mentioned above. 


Radiation Losses of the Thermal Units Available at High Thermal 
Pressures (or Temperatures) are Main Causes of Cement Kiln 
Inefficiencies 

We are now in a position to discuss the question : Why is a shaft kiln so much 
more efficient than a rotary kiln ? 

The main reason is undoubtedly due to the greater external and internal radia- 
tion losses in one case than in the other. It is the radiation losses which are the 
main cause of inefficiency. 

We have just shown that in making i lb. of cement clinker it was necessary for 
the raw material to absorb from the surrounding hot gaseous heating agent 

652.5 B.Th.U.’s below 805° C. (1,481° F.) and 918.6 B.Th.U.’s above 805° C., 
so that in order to make i lb. of cement clinker, 652.5 low-grade B.Th.U.’s and 

918.6 high-grade B.Th.U.’s are essential. 

There is no difficulty in supplying the low-grade B.Th.U.’s required for 
cement making. The supply of the high-grade B.Th.U.’s is, however, a much 
more difficult matter, as heat is extremely rapidly lost by radiation and convection 
at temperatures exceeding 805° C. (1,481° F.). 

The rate at which heat losses by radiation occur increase according to Steffan’s 
law in proportion to the fourth power of the absolute temperature. So that when 
the temperature becomes very high, enormous quantities of heat are lost in this 
way by radiation from hotter to colder surfaces. If we double the absolute tem- 
perature, we increase the rate at which high-grade heat is lost 16 times. If we 
treble the absolute temperature, the heat is lost 8i times as fast I So that wheji 
temperatures become very high the number of high-grade B.Th.U.’s lost by 
radiation at these high temperatures becomes perfectly enormous. 

It will be seen, therefore, that the really valuable B.Th.U.’s are lost by the 
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gaseous heating medium above 805® C (1,481” F ), which are precisely those liable 
to be lost by radntion to colder bodies m the neighbourhood 

To every 918 6 high grade B Th U ’s lost in this way there corresponds the 
loss of I lb of potential clinker 


Extent of Clinker Losses by External Radiation 

\Vhen we examine the question of the thermat losses by external radiation from 
the rotary kiln in the light of this conception, we find that the effect of the external 
radiation losses are much more serious than has heretofore been believed 

For example, if we measure the percentage of external radiation losses from the 
rotary kiln, measured on the total number of B Th U ’s liberated in the kiln by 
the coal, we find that about an 8 per cent loss occurs 

When however, we come to work these losses out m terms of high grade 
and low grade B Th U *s we find that a much higher proportion of high grade 
B.Th U 's are lost than of low grade, because the bulk of the radiation occurs 
from the hot or chnkermg, end of the kiln 

Accurate experimental measurements showed that, owing to this cause, the 
loss of eUnktr formaUon due to external radiation amounted to nearly 15 percent , 
which IS a serious loss 

In other words, m a rotary kiln making 100 tons of clinker, if we stopped 
completely all external radiation losses we would make 115 tons of clmker for 
the same fuel consumption as before 

Enormous Clinker Losses Due to Internal Radiation 

It IS, however, when we come to consider the loss of heat by tnitmal radiation 
that this question of losses becomes paramount 

The rotary kiln, it must be remembered, is a tube with one end red hot and the 
other end comparatively cold High grade heat is radiated awav from the red hot 
decarbonating and clinkenng zones directly into the colder parts of the kiln 
without doing any useful work In addition to this, much high grade heat is 
earned away bodily by the hot gases from the decarbonating zone passing into the 
colder zones 

Now It is shown that every 918 6 B Th U ’s of high grade heat thus passing 
away into the colder parts of the kiln represents a loss of i lb of potential clmker 
It is proved that if m an ordinary rotary kiln in which we are burning 30 tons 
of coal per 100 tons of clmker made, we suddenly stopped all internal radiation, 
our output of clinker would rise from loo to 273 tons and if we next stopped 
all external radiation as well from the kiln, the output of clmker would rise to 
273 + tS“288 tons of clinker It is assumed here that the entering air is 

preheated to 400® F (which is the normal temperature of preheating in a 
rotary kiln) 


Summary 

The ordinary rotary kiJn 

After stopping mtemaf radiation 

After stopping internal and external radiation 


Coal Burnt 
30 tons 
30 tons 
30 tons 


Clinier Made 
100 tons 
273 tors 
288 tons 


Method of Preventing Internal Radiation Losses 
It will be seen therefore that enormous losses occur inside a rotary kiln 
owing to internal radiative losses The question is how are these losses to be 
stopped ? 

In order to attempt the solution of this question it is essential to understand the 
causes of the great internal radiation losses of the rotary kiln 
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Undoubtedly the main cause is the fact that in the rotary kiln there occurs a 
great volume of empty space^ or rather, space filled only by thermally transparent 
gases. Consequently, high-grade heat can freely radiate through these hollow 
spaces from the hotter to the colder parts of the kiln. 

We are helped considerably in seeing how this inherent defect of the rotary kiln 
may be overcome by considering the case of the shaft kiln. Here internal radiation 
and convection losses are largely reduced by the device of filling the interior with 
a mass of coke and raw-material briquettes, so that any radiant or convective heat 
is caused to impinge on a surface, and consequently high-grade heat cannot pass 
from hotter to colder places without doing useful work by heating intervening raw 
material. This fact is at once reflected by the greater thermal efficiency of the 
shaft kiln. Whereas, by burning 30 tons of coal in the rotary kiln we only obtain, 
say, 100 tons of cement ; in the shaft kiln for the same amount of fuel we obtain 
from 150 to igo tons of cement clinker. Hence, by introducing baffling in the 
shaft kiln, we have increased the clinker output by 50 to 90 per cent, for the same 
amount of heat expended. 



Fig. 2. — Increasing Efficiency of Rotary Kiln vith Introduction of Baffles. 


Increasing the Efficiency of the Rotary Kiln by Baffling 

Now one method of increasing the efficiency of the rotary kiln is by introducing 
baffles in the manner described in Patent (British Patent 264,920 (application 
date, 27th October 1925 ; accepted, 27th January 1929)) by the writer and J.Darnley 
Taylor. 

The idea consisted in placing inside the kiln a considerable number of baffles, 
so arranged as to shield the dififerent parts of the kiln from direct radiation losses. 

Fig. 2 shows a rotary kiln thus fitted with baffles, these being placed in 
staggered relationship to each other, whereby the kiln is divided into a plurality 
of chambers, and loss of heat by direct radiation from one part of the kiln to another 
is largely prevented. Also, since in general the gases flowing through a kiln do 
not intermingle to any great extent with the raw material but escape at a high 
temperature, this arrangement is also beneficial in facilitating heating by mutual 
physical contact— of gas and material— the main method of heating at low tern- 
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peratures but not at higli temperatures where the mam heating is effected by 
radiation from hot surfaces 

However by adopting these devices we are brought up against the serious 
practical difficulties The valuable effective B Th U s lost by radiation are 
precisely those evolved at a very high temperature so that the baffling media must 
be able to withstand not only a white heat but also the heavy pounding action 
of the clinker passing down the kiln 

Then again the introduction of baffles spoils the draught of a kiln and makes 
necessary the introduction of fans etc at the cold end preferably attached to 
waste heat boilers 

Undoubtedly great improvements are possible in this direction but the technical 
difficulties to be overcome are considerable 



Fic 3 A Dry process K In w th Enlarged Calcinat on Zone 


Increasing the Efficiency of Rotary Kilns by Means 
of Enlarged Calcination Zones * 

We have seen m the preceding pages that the mam thermal losses occur by 
internal radiation losses and by amvection locses principally from high grade 
heat We have seen that there corresponds a loss of i lb of clinker to every 918 6 
B Th U s available above i 481*’ F (805® C ) which is lost inside the kiln m 
the decarbonating and sintering zones Now one way of diminishing the losses 
by internal convection of the Imt gases is to moke the gases traverse the decar 
bonatmg zones of the kiln as slowly as possible without however reducing the 
output from a given kiln 

One way of achieving this is to enlarge the calcination zone This not only 
reduces the convection losses (by allowu^ the hot gases time to communicate 
their heat to the raw material) but also toids to reduce internal radiation losses 
as well 


* Reproduced from Ctmtnt and Cement Mannfa lure December 1925 by the courtesy of 
the Ed tor 
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For several years past the specially constructed type of rotary kiln described 
below has been in successful operation on the Continent. The rotary kilns 
referred to are fitted with enlarged decarbonating zones — which must not be 
confused with the enlarged sintering zone of ordinary kilns. 

The zone built into the kiln under discussion is of a very much greater diameter 
than that of the normal cement kiln, and in this enlarged zone the material is 
not “ sintered ” but only “ decarbonated,” i.e., heated to the correct temperature 
to expel the carbon dioxide from the mass, but not to a temperature high enough 
to cause the formation of cement clinker. It is a well-known fact that the raw 
material in a kiln— especially in the dry process— shows a tendency to “ rush ” 
forward in an irregular marmer, with the coirsequence that the output of the 
kiln is seriously reduced and the resulting clinker shows irregularity of quality. 
It is obvious that the raw material traversing a kiln in the ordinary way can 
never be uniformly treated so that every particle is in exactly the right condition 
to enter the sintering zone and be at once converted into cement clinker. This 
is due to the fact that in the dry process the material tends to traverse the kiln 
in a series of “ rushes,” so that material often reaches the sintering zone before 
it is properly decarbonated, whilst in the wet process there are not only small 
particles but also medium-sized particles, and even quite large masses of raw 
material from slurry rings and clinker rings, impinging into the sintering zone. 
The larger particles travel through the kiln at speeds different from those of 
the smaller particles, with the result that the particles arrive in the sintering zone 
unequally calcined. 

All these deficiencies are claimed to be overcome by the enlarged calcining 
zone built into the kiln just before the sintering zone. The raw material collects 
in considerable quantities in this zone, and its progress through the kiln is arrested 
for an additional two hours. The consequence of this is that the material is 
uniformly and thoroughly calcined, ready and properly prepared to go into the 
sintering zone. It is therefore easy to see that by introducing such well-calcined 
materials into the sintering zone much larger quantities can be sintered in a 
given time, and as a result the coal consumption will be much reduced. The 
following gives some recent data on this point : — 

Dry Process. — Two kilns were erected at the Konigshofer cement factory 
in Konigshof. Their sizes were 3 metres (g ft. 10 in.) diameter by 50 metres 
(rfiq ft.) long. Each was fitted with an enlarged calcining zone 5 metres (r6 ft. 
5 in.) diameter by g metres (zg ft. 6 in.) long. Both kilns operated on the dry 
process under forced draught. The exit gases escaped at a temperature of 
650° to 700° C. (1,200° to 1,300° F.) and were passed through a waste-heat 
boiler. These waste gases developed 4,000 to 4,400 kw. (S,ooo to S,goo H.P.), 
i.e., more power was produced than sufficed to run the whole works, and part of 
this power was delivered to another works. The output of clinker was z8c to 300 
tons per twenty-four hours, in spite of the fact that the raw material was very high 
in calcium carbonate (78 per cent.). The coal consumed varied between 1,350 
and 1,400 calories per i kg. clinker (ig to 20 tons of standard coal per too tons 
of clinker). 

Wet Process.— One kiln of 3 metres (g ft. ro in.) diameter and 50 metres 
(164 ft.) long, fitted with a calcining zone s metres (16 ft. 5 in.) diameter by g 
metres (ag ft. 6 in.), gave an output of 270 to 280 tons in twenty-four hours, with 
a coal consumption of r,6oo to 1,700 calories per kilogram of clinker (23 to 
24 tons of standard coal per 100 tons of clinker). It should be mentioned that 
the raw materials treated in this kiln were admittedly the most difficult materials 
in Germany to burn. 

In another place, where better raw materials were at hand, the kiln yielded 
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300 tons and more with a coal consumption of about i 600 calories per kilogram 
clinker (23 tons of standard coal per 100 tons of clinker) 

Several ordinary rotary kilns of the same dimensions, viz , 3 metres diameter 
(9 ft 10 m ) by 50 metres {164 ft ) whidi were working side by side with the 
above mentioned two kilns fitted with the enlarged calcining zones and using 
exactly the same raw materials had an output of 210 tons per twenty four hours, 
with a consumption of 33 to 34 tons of standard coal per 100 tons of clinker, 
the coal having a calorific value of 7 000 calories (12 600 h Th U s per lb ), 
that IS, about 2,300 to 2 400 calories per kilogram of clinker It will be seen 
from this difference in fuel consumption and output that the enlarged calcining 
zone was here very successful 

Other kilns now operating give similar outputs and coal consumptions It 
has been proved that on the average the introduction of these enlarged calcining 



Fig 4 — Diy process Kiln at Konigshof with Enlarged Clinker ng Zone 


zones leads to an increase of output of about 30 per cent and a diminution of coal 
consumption of about 25 to 30 per cent Moreover it is claimed that m the 
kilns fitted with the enlarged calcining zone a far better burnt clinker is obtained 
than has hitherto been possible while crushing and tensile strengths are increased 
by 20 to 30 per cent due to the fact that the raw material, which must pass 
through the decarbonating zone is held up in this zone for two hours longer 
than usual and thereby comes mto the sintering rone far more completely decar 
bonated than is the case with the ordinary rotary kiln 


Baffling Radiant Heat by Means of Dust 

Meanwhile attempts to solve the problem along other lines were being made 
Instead of usit^ solid diaphragms to act as baffles at a white heat why not use 
the raw material itself m the form of dust ? This would stand up to the clinkenng 
temperature itself, and it is well known that finely divided dust presents an 
enormous surface for arresting radiation For example, accurate experiments 
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carried out by the writer have shown that i lb. of quartz sand finely ground in a 
tube mill presents a surface running from 300 to 2,000 sq. ft.* 

It is well known what an effective arrester of radiant energy is formed by a dust 
cloud or fog. A certain weight of water dispersed in the form of very fine globules 
will arrest light or radiant energy far more effectively than if this water is condensed 
into a single transparent mass. 

Consequently, filling the interior of a kiln with a mass of raw material reduced 
to a state of extremely fine division will stop the internal radiation losses going 
on in the ordinaiy rotary kiln 'as effectively as is now achieved in the shaft kiln, 
by filling up its interior with large blocks of raw material and coke. 

Davis’s Experiments 

Among the first to try practical experiments on a large scale on these lines 
was Arthur Charles Davis of the British and Associated Portland Cement Co. 
His apparatus (British patent specifi- 
cation No. 307,763 ; application date, 
nth October 1927 ; complete accepted, 
nth March 1929) is sho^vn in Fig. 5. 

The apparatus consisted of a ver- 
tical-shaft kiln at the base of which 
slurry or raw meal is injected as a 
fine suspension through one or more 
jets located at or adjacent to the base 
of the kiln, the injection being verti- 
cally up into the kiln through the plane 
of the combustion zone, so that the 
material has a passage upwards and 
downwards through the hot gases. 

The velocity at which the slurry is 
projected into the kiln and its degree 
of atomisation or subdivision may be 
so arranged that the slurry or other 
material is kept in suspension by the 
velocity of the air until its density is 
increased by calcination to such an 
extent as to cause the grains to fall 
to the base of the kiln. The flame 
temperature could also be adjusted so 
that in combination with the degree 
of atomisation of the slurry the period 
occupied in falling through the flame ' 
is sufficient to raise the temperature Fig. 5.— Filling Interior of Kiln with Raw 
of the material to the clinkering tern- Material to Reduce Radiation Losses, 

perature, which is in the neighbour- 
hood of 1,400° C. (2,552° F.). That is to say, with coarsely atomised slurry the 
period for transmission of the heat throughout the particles will be longer, and 
in such a case the flame temperature must be raised, and vice versa. 

Also, the flame may be adjustable, so that if necessary a swirling or rotary 

* See the following papers by the w'riter and his co-workers : “ Researches on the Theory of 
Fine Grinding,” Part III., Trans. Ceramic Society, 1925-26, vol. xxv.. Test Nos. 145-151. 
“ Connection betw’een the Surface Area Produced and the Work Done in Tube-mill Grinding 
of Quartz Sand/’ By Geoffrey Martin, Edgar A. Bowes, and F. B. Turner. “ Resear^es on 
the Theory of Fine Grinding,” Part X. ; “ On the Connection between the Statistical Diameter 
of Crushed-sand Particles and their Statistical Surface,” Trans. Ceramic Society^ 192/-2S, 
vol. xxvii., pp. 59 ct seq. By Geoffrey Martin and Edgar A. Bowes. 
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countercurrent manner, the coldest raw material thus coming into contact with 
the coldest issuing gas, and the gas being finally passed through a waste-heat 
boiler. Fig. 6 shows Girouard’s installation. The vertical kiln shaft a is sunk 
with its longitudinal axis approximately parallel to the face b of a quarry, the 
base of the shaft proper being on the ground level b- of the quarry. 

A working adit b communicated with the base of the shaft and thus gives 
access to the burners c, to which pulverised fuel is supplied through one or more 
pipes D. 

The raw materials, after crushing, drying,, and storing in a series of bins f 
(which may be excavated in the ground), are transferred by means of conveyors 
and elevators to a hopper or bin j, of a pulverising apparatus j, whereby the 
materials are introduced into the top of the kiln in the form of a dense cloud of 
dry pulverised particles. 

Around or between the burner nozzles c are by-passages a- through which the 
hot clinker passes into a cooling shaft k sunk in the ground below the kiln shaft 
and working adit, whence by means of a series of conveyors and elevators M the 
formed clinker can be removed. The burners c are supplied with hot air by 
means of a pipe l, which passes through the hot clinker. 

Q is a waste-heat boiler, p a dust collector, and a fan. 


Technical Difficulties due to Escape of Dust— Martin’s Researches 

Although this apparatus represents a considerable advance on Davis’s kiln, 
there still remained the serious technical difficulties to be overcome of preventing 
the dust being blown out of the kiln by the upward rush of hot gas. 

There is a definite connection between the velocity of the gas and the size of 
the particle which it will carry out. The connection was worked out by the 
writer.* 

It must be recollected that it is impossible to generate cement clinker without 
generating gas at the same time. 

For example, in the wet process of cement formation, to every i lb. of clinker 
produced no less than s lbs. of gas are generated, which occupy 167 cub. ft. of 
space at an exit temperature of 800° F., while in the dry process about half this 
weight of gas is generated, which at an exit temperature of 1,350° F- occupies 
about too cub. ft. 

It is obvious, therefore, that if a large output of clinker is aimed at, there 
will be a vast volume of gas rushing out of the kiln at a great speed. In the 
ordinar)' rotary kiln the gas leaves the kiln at a speed of about 16 ft. per second. 

Such an outrush of gas will carry with it great volumes of dust, and, indeed, 
prevent the entry of fine dust into the kiln at all, as it will be blown out faster than 
it enters. It also renders the output of the kiln small. The particles must descend 
against a stream of ascending hot gas, and consequently the particles must be 
of the correct size. A great deal of research work was carried out by the writer 
with a view to deciding the correct weight and size of the particles to introduce. 
If the particles are too small, they will float away as smoke, and if too large, 
they will fall too rapidly down the kiln and probably emerge as underburnt 
clinker. The correct limits of size, with due allowance for viscosity of the hot air, 
were worked out, and the writer succeeded in completely overcoming these diffi- 
culties by introducing a cyclonic action in the upper part of the kiln as described 
in British Patent No. 276,066 (application date, 17th May 1926; complete 
acceptance, 17th August 1927). 

* See the following papers: “ Rescarclics on the Theory of Fine Grinding, Part VI .: On 
the Diameters of Irregularly Shaped Crushed-sand Particles Lifted by Air Currents of Different 
Speeds and Different Temper.atures,” Trans. Ceramic Society, 1926-27, vol. xxvi., p. 21. 
By Geoffrey Martin. “ Researches on the Laws of Air Eiutriation,” Trans, of the Institution 
of Chemical Rngineers ^ 1926, vol. iv., p. 164. By Geoffrey Martin. 
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The Geoffrey Martin Flotation Kiln 
The following is a description of the kiln (The kiln was sunk m the ground ) 
The cyclonic action was induced in the upper part of the kiln by making it con 
siderably wider than the lower clinkering zone, and so arranged that the hot gas 
from the clinkermg zone impinges at a high speed upon the mass of gas in the 
upper zone tangentially along one side, as indicated in Fig 7 below 



Fso 7 — Geofliey Martin Flotation Kiln 


The effect of this arrangement is that the stream of hot gas rushing up the 
clinkermg zone impinges eccentrically upon a slower moving stream of colder 
gas in the calcining zone with the result that a rotary movement is set up in the 
larger volume of gas m the calcining zone, whidi results in a downward movement 
of gas on the colder side of the kiln remote from the clmkenng zone and an upward 
moi ement of gas on the hotter side of the kiln closer to the clinkermg zone 
Also the introduction of pulverised raw matenal is arranged to take place in 
such a manner that it is m the same direction as the downward gaseous current 
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Fig. S. — Diagram of Kiln Described by Dr Martin. 


This is achieved by introducing the cold raw material at the side of the shaft — 
as shovui in the figure. This causes the kiln to be cooler on one side than on the 
other, with the result that a circulatory and downward movement of the hot gas 
takes place from the hotter side of the kiln to the colder side, which sweeps the 
finer particles downwards towards the hotter parts of the kiln, where, becoming 

15 
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incandescent, they sinter or fuse te^ether into larger particles and thus are not 
swept out of the kiln 

In order to accentuate still further this urculatory and downward movement 
of gas at the point of entry of the raw material into the shaft, the exit gas is drawn 
off from a point on the same side as the side on which the raw material enters 
but above it 

The exit gases are passed through a waste-heat boiler bv suction from a fan 

In effect, by this arrangement the upper part of the kiln is made to act like a 
gigantic cyclonic dust collector, only a negligible amount of microscopically 
fine dust escaping through the waste heat boiler into the chimney 


Fio 9 — Coal puiTermng Plant and Raw matenal Dryers at Ashehatn 


Problem of Obtaining a Large Output from a Dust or 
Flotation Kiln 

In the early part of this article it was pointed out that a cement kiln, m order 
to be commercially successful, must (i) be thermally efficient, and ( 2 ) must possess 
a large output Of the two conditirais probably the second is the more important 
commercially 

It has also been pointed out that the output of clinker from a cement kiln is 
proportional to the volume of gas pouring through it, as the production of each 
lb of clinker is necessarily attend^ with the production of a definite volume of 
gas Any furnace in which the gas cannot freely flow through will necessaiily 
ha\e a small output and vice versa 

For example, gas is impeded from passing through an ordinary shaft kiln 
because its interior is filled with solid blocks, or briquette®, and the combustion 
gas has to pass between their mlerstices, thus exposing the gases to great friction 
in their tortuous passage 

Therefore, the output from a shaft kiln is low, for only a small amount of gas 
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can traverse it in a given time. On the other hand, gas can freely pour through 
a rotar)^ kiln, and this is why its output is so large. 

Now in the case of a kiln of the present type gas can freely traverse it because 
of the smallness and consequent mobility of the particles filling it— the dimensions 
of the particles being carefully confined so as to cause them to fall in the ascending 
flue gas at the same speed as they are uplifted, t.e., the terminal speed or fall of 
the particles is made equal to the speed of the gases traversing the kiln. The 
particles thus float in the ascending gases and do not impede the flow of the latter 
through the kiln. Consequently, a great volume of hot gas may be made to traverse 
the flotation kiln in a given time, and, therefore, as great an output of clinkei 



Fig 10 — ^\Vaste-Hcat Boiler at Top of K*ln. 


is attainable in the flotation kiln as in the rotary kiln, and for the same reason, 
the ease with which hot gases can traverse both types of kiln. 

In fact, this flotation kiln may be regarded as a particular case of a shaft kiln 
in which the preheating and calcining zones are fllled, not with the usual large 
blocks of material to be burnt mixed with fuel, but with small particles of raw 
material of such a size that they are easily lifted by an uprising gaseous velocity 
of 4 ft. per second, but sink in a gaseous velocity of i in or less per second, 
so that the contents of the calcining zone form a coarse powder which is maintained 
in a state of agitation and is heated by hot gases of combustion traversing it ; 
and this powder does not materially impede the progress of the gases through it, 
since the particles are being continually swept out of the way by the ascending 
volumes of gas. Hence, as large lolqmes of gases can pass in a given time, a 
large output of clinker in a given time is conditioned by the volume of gas which 
can escape in this given unit of time. 
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Improved Mixing of Raw Materials in Flotation Kiln 
As IS v,ell kno%vn, a frequent cause of unsoundness in finished cement is 
inefficient mixing of the raw materials before entering the furnace In fact 
this IS the mam reason why cement manufacturers prefer to add %vater to the raw 
materials in order to make them into a thin mud (in spite of the fact that all this 
water must be later evaporated again and consume fuel thereby) Now in the 
ordinary wet process of cement manufacture this mixing is achieved by grinding 
the materials when suspended in the fluid water, since mixing when suspended in 
a fluid is always much more perfect than when the materials are mixed dry 
In the flotation kiln process this mixing is effected by mixing the powder in 
the fluid gases of the kiln itself in the upper cyclone portion of the kiln, whereby 
a much more perfect mixture is achteied, and when the mixing is completed 



Fjg II — Top of the Furnace in Course of Erect on during Asheham Experiment 


the gases pass away theraseKcs without the necessity of burning extra fuel to 
distil them away, as occurs when water is used as the mixing fluid 

The mixing occurs in the decarbonating and preheating part of the kiln the 
particles being whirled around by the circulatu^ currents of hot gas in these 
zon<*s until complete admixture is effected before they can pass into the chnkenng 
zones This process of mixing without the aid of water by using a thin fluid like 
hot gas represents a considerable technical adiance 

Other Advantages of the Flotation Kiln 
A continuous process where possible, is almost alwa) s much more economical 
than a discontinuous process espec ally as regards furnaces, where masses of 
brickwork must be heated 

In this respect the flotation process kiln is like the rotary kiln, quite continuous 
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in operation. The raw material in the form of a powder is fed in at the top of the 
kiln, and continuously issues as clinker at the bottom end. The process goes on 
continuously night and day, so long as the supply of raw material is kept up and 
the fuel is kept burning in the burners. 

The flotation kiln possesses advantage over the rotary kiln in that there are no 
moving parts to get out of order. In a rotary kiln a great mass of iron and brick- 
work, weighing many hundreds of tons, must be kept moving continuously, 
supported on massive steel rollers. In the flotation kiln all these disadvantages 
disappear because the kiln itself is stationary, and it is simply the action of 
gravity which pulls the material down and through the kiln. Moreover, in the 
rotary kiln the rotation of the brickwork causes the formation of clinker rings, 
which occasion periodical losses and stoppages. In the flotation kiln all such 
movements are absent as would cause the formation of clinker rings, so that 
such a kiln may be expected to run continuously without any interruptions for 
months at a time. The action of the linings also must, for similar reasons, be 
reduced to a minimum. 

Erection of a Large Flotation Kiln at Asheham, 
near Lewes, Sussex, England 

In order to test out the advantages of a flotation kiln over a rotary kiln, and the 
possibility of manufacturing clinker on a large scale, a large-scale experiment 
was carried out at Asheham by a group of financiers, among whom may be 
mentioned Charles F. Lumb, Sir Percy Girouard, Mr Hamilton, and S. R. 
Worley, all of London. 

The kiln was built by the writer, being about 150 ft. deep and possessing an 
area of about 800 sq. ft. at the top. It was fitted with a waste-heat boiler at the 
top. 

A diagrammatic view of the kiln is shown in Fig. 7. Photographs of the 
works are also shown. 

A series of trials carried out during December 1929 showed most promising 
results. It is hoped, after making certain alterations, to remedy technical defects 
which revealed themselves in the trials, to proceed to manufacture clinker by this 
new process in the near future. 


Lellep’s Process 

Another method of attacking the problem is due to Lellep : — 

1. The dry and finely ground material is made into small balls by granulating 
in a rotating drum in the presence of drops of water. The drops of water cover 
themselves with meal, and, as the drum rotates, increase in size to about | in. 
diameter. 

2. The granules are now fed from a storage hopper on to a travelling grate, 
where they are calcinated and the carbon dioxide partially e.xpelled therefrom 
without the material being sintered. 

The heating is effected by the exit gases from the rotary kiln used in the final 
stage to sinter the material. The hot gases meet the material on the gtate above, 
and pass down through it, being sucked through the grate. The apertures between 
the links of the grate are so small that no granules pass through. 

The upper layers of meal on the grate are heated by the exit gases to such an 
extent that they are completely decarbonated. The lower layers, however, sttll 
retain carbon dioxide, and serve to protect the grate from burning away, because the 
gases are cooled in the process of decarbonating the upper layers. I he average 
temperature of the gases, after having passed through the grate, is only just over 
100° C. (212° F.). 

It is only near the discharge end of the grate that the temperature of the gases 
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actually coming into contact with the grate reaches a temperature as high as 550* C 
(i,02** F) So that burning of the bars and special cooling of the grate is 
unnecessary 

3 1 he partially decarbonated matenal now falls down a shoot into a rotary kiln 
fired in the ordinary way with powdered coal It is in this rotary kiln that the final 
sintenng is effected (since proper sintering on a t’-aielling grate is \ery difficult to 
achieve) The rotary kiln is only about one third of the usual length, since it merely 
completes the burning and sintering of the raw material In fact, the rotary kiln 
IS only slightly longer than the ordinary burning zone The sintered material 
passes from the kiln through a cooler in the ordinary manner 

4 The dust earned up the rotary kiln by the gases is caught in the layer of 
granules on the travelling grate, which thus acts as a filter The gases entenng the 
chimney are thus practically dust free 

5 The clinker made was equal to the best rotary cement clinker 

6 In one experimental plant at the Ruedersdorf Portland Cement Plant, using 
coal of f ,450 calories per gram (t 1,600 B Th U ’s per lb ), raw meal of 76 5 per cent 
CaCOj and of moisture content 13 5 per cent , it was found that the heat consumed 
averaged 1,045 large calories per kilogram of clinker made, t e , loo tons of clinker 
could be produced by the consumption of about 15 tons of standard coal of 12,600 
B I h U s per lb 1 bus the fuel consumption was much less than that experienced 
with rotary kilns (28 to 33 per cent of coal), and even lower than that of vertical 
shaft kilns (say, 18 per cent ) 

In this connection (as with all dry process kilns) the initial drying of the raw 
material is costly and difficult, and the fuel consumption in the preliminary drying 
of the raw material, previous to making the meal should be reckoned on to the 
fuel costs of the prcces* 

1 he plant is placed on the market by G Polysius, \ G , Dessau 

A fuller description than is here possible is given in Cement and Cement 
Manufacture of May 1931, p 532, m an article entitled ' The Burning of Cement 
on a Travelling Grate 

It will be obvious from the contents of this chapter that attempts to improve 
the manufacture of cement are still actively m progress 
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Useful Data for Cement Engineers 

I lb. standard coal yields 12,600 B.Th.U. ’5=7,000 kilo-calories. 

12,600 B.Th.U.’s per lb. is the same as 7,000 calories per gram. 

I ton standard coal yields 7.112 X 10® kilo-calories. 

I American Barrel=38o lbs. (old style)=376 lbs. (new type). 

I German “ Fass ”=170 kilos of cement=374.75 lbs. 

To convert quantities relating to Americ.an “ Barrels ” to those relating to 
100 tons (long=2,240 lbs.), multiply by the factor 5,895. 

To convert kilo-calories per 100 kilograms of clinker to B.Th.U.’s per 100 
tons clinker, multiply the kilo-calories by 4032.3. 

To convert kilo-calories per kilogram to B.Th.U.’s per lb., multiply the 
number of kilo-calories by 1.8. 

To convert kilo-calories per cubic metre to B.Th.U.’s per cubic foot, multiply 
the kilo-calories by 0.11236. 

To convert x lbs. weight per cubic foot to kilograms per cubic metre, multiply 
the X lbs. by 16.0184. 


Rough Engineering Rules for Cement Engineers 

Ordinary boiler with ordinary fur 7 iace — 

I sq. ft. heating surface=i to 8 lbs. steam /hour. 

Waste-Heat boiler (wet process) — 

I sq. ft. heating surface— 1.^ lbs. steam /hour. 

I ton clinker/hour=J ton steam/hour. 

Waste-Heat boiler (dry process) — 

I sq. ft. heating surface=3 lbs. steam/hour. 

I ton clinker/hour = I ton steam/hour. 

Requirements of power, ordinary kiln — 

I ton coal (all purposes) =2 tons cement. 

I ton cement /hour = I ton steam /hour necessary. 
Output per week in clinker tons—i.^y.H.P. required. 
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Table of Fuel Consumphonz of Cement Ktins Expressed in Various Units 

Calonficvalueperlb expressed in calories=i Sxcalorificvaluesin B Th U ’s 
I kilogram=2 2046 lbs 
I kilo calorie=3 9683 B Th U ’s 
I B Th U =0 252 kilo calorie 


1 lb standard coal=i2 600 B Th U ’s when burnt 

I kilogram standard coal=7,ooo kilo calories when burnt 


Tons of Standard 


Kilo calories 

per l 'Ion Clinker 

Tons Clinker 

1 Cb Clinker 

Clinker 

3 0 

15 

1890 

1050 

3 2 

16 

2016 

1120 

3 4 

17 

2142 

1190 

3 6 

18 

2268 

1260 

38 

J9 

2394 

1330 

4 0 

20 

2520 

1400 

4 2 

21 

2646 

1470 


22 

2772 

1540 

4 6 

23 

2898 

1610 

48 

24 

3024 

1680 

S 0 

25 

3150 

1750 

S 2 

26 

3276 

1820 

54 

27 

3402 

1890 

S 6 

28 

3528 

i960 

58 


3654 

2030 

6 0 

30 

3780 

2100 

6 2 

3* 

3906 

2170 

64 


4032 

2240 

6 6 


4158 

2310 

6 8 


4284 

2380 

7 0 

35 

4410 

2450 



4536 

2520 



4662 

2590 

7 6 

JS 

4788 

2660 

78 

39 

4914 

2730 

8 0 


5040 


“i 2 




84 


5292 

2940 

8 6 


54*8 

Zoio 

8 8 


5544 

3080 



5670 

3150 



5796 

3220 



5922 

3290 


48 

6048 

3360 

98 


6174 

3430 

10 0 


6300 

3500 



6426 

3570 

If) 4 


6552 

3640 

10 6 


6678 

3710 



680s 

37S0 

11 0 

55 

6930 

3850 
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Coal 

I lb. of standard coal (12,600 B.Th.U.’s per lb.)= — — lbs. of 

100 ~y X 

commercial coal bought as developing .v B.Th.U.’s per lb. and containing y 
per cent, moisture or loss. 


To Express Ordinary Moist Coal as Bought in Terms of Standard Coal 

Step I. — Calculate the standard coal factor (S.C.F.) of the coal as bought by 
the formula — 

S.C.F.=I5i32:x^_, 

100 12600 


where .r=B.Th.U. value of the coal in question (determined drj^) ; 
^’=the moisture of the coal as bought. 


Step 2 . — IMultiplv the greater number of tons of the moist coal as bought by 
the S.C.F. 

Example. — 100 tons of cement are 7 nade front 50 tons of coal “as bought'" 
containing 10 per cent, of tnoisture and of B.Th.U. value 10,000. Reduce this to 
standard coal. 

Here, 

Per cent. moisture=_t'=io, 

and B.Th.U. value of coal=.v=io,ooo. 


S.C.F.= 


100 — 10 ^ 10000 


100 


12600 


=0.7142. 


Hence tons of standard coal consumed per 100 tons clinker made are 50X0.7142 

= 35 - 7 - 
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Directions for Using Index 

The notation depends on the Chapter. Thus: Bowes, 28.13, means that a 
reference occurs to Bowes in Chapter XXVIII. and on Page 13 of 
that Chapter. 
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B 

Babcock, 27.11 
Bamber, x, 27.12; 27. IS, 
28.1 

Berthelot, S.l 
Blount, 7.6 
Bomstein, 7.6 
Bouvier, 7.1 ; S.l 
Bowes, 2S.13 
Brendall. 7.5 
Brill, 8.1 
Bruhn, 7.5 

c 

Callendar, 15.5 
Chatelier, 7.6 ; S.l 
Childe, X 
Cooper, 7.5 

D 

Davis, 7.6; 16.1; 28.13; 
28.14 

De Forcrand, 8.1 ; 8.2; 8.3; 
8.4 

Dorman, 7.5 


E 

Eckel, 7.6 

Edge Moor Co., 27.18 
Eldred, 15.8; 28.4; 28.7 


F 

Fessenden, 27.8 
Forcrand, 8.1 ; 8.2 ; 8.3 ; 
8.4 

Frj-, 27.1 ; 27.8 
Furnas, 7.4 

G 

Gilbert, W., vii 
Girouard, Sir Percy, 28.14 ; 

28.15; 28.21 
Green, 4.2 
Grunberg, 7.5 
Gullen, 16.1 


H 

Hamilton, 28.21 
Haney, 27.8 

Harrison, 6.2 ; 9.6; 16.2 
Hedrick, 27.9 
Heiser, 1.6 
Helbig, 1.8 
Holdcroft, 9.2 


J 

Johnstone, 7.1 ; 8.1; 8.2; 
8 3 

Jolibois, 7.1 ; 8.1 
Jordan, 27.1 ; 27.8 


K 

Kuhl,1.6; 1.7; 16.1 


L 

Langmuir, 27.1 ; 27.8 
Le Chatelier, 7.6 ; 8.1 
Lellep, 28.21 
Lumb, Charles F., 28.21 


M 

Magnus, 9.2 

Martin, 2.1; 2.13; 7.6; 

28.9; 28.13; 28.15; 

28.16; 28.17 
Meade, 7.6 
Mellor, 9.2 
Moye, 7.5 


N 

Nacken, 13.1; 13.2; 16.1 
Nemst, 7.6 
Newbury, 7.5 
Nicholson, 27.8 
Nilsson, 1.8 
Nusselt, 27.1 ; 27.8 


P 

Parson, Sir Charles, ix 
Peclet, 27.8 
Pott, 8.1 


R 

Rankine, 15.5 

Reynolds, Osborne, 27.1 ; 
27.8 

Richards, 9.2 ; 9.3; 9.4 
Riesenfeld, 8.1 
Rockwood, X 


s 

Schott, 16.1 
Schubert, 7.5 
Schutt, 7.5 
Smith, 12.1 

Soper, 7.5; 13.1; IC.l 
Spackman, 7.5 
Stanton, 27.8 


T 

Thomsen, 8.1 ; 8.2 
Turner, 28.13 


U 

Ulrick, 9.2 


W 

White, 9.6 ; 16.2 
Whittaker. 25.5 
Wollny, 9.2 
Worley, 28.21 


z 

Zavriet, 8.1 
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Directions for Using Index 

The notation depends on the Chapter. Thus : Bricks, 4.2, means that a 
reference occurs to Bricks in Chapter TV. and on Page 2 of that 
Chapter. 
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A 

Air, amount for combustion, 10.3 ; 10.4 

— control, 2.13 ; 2.14 

— excess, 2.7-2.11 ; 16.6-16.8; 17.1-17.10; 

27.15-27.16 

— films, 27.4; 27.6 

— heat absorbed in preheating, 12.3 

— heating of, by clinker, 16.2 ; 10.3 ; 16.0 ; 

16.7; 16.8 

— leakage, 27.3 ; 27.4 

— maximum economic supply, 10.0 ; 16.7 ; 

16.8 

— maximum temperature of preheated, 

16.3; 16.4; 16.5 

— mixing raw meal by, 28.20 


— preheated, 12.2; 16.1; 

16.2; 

16.3; 

16.4; 

16.5; 16.6; 

16.7; 

16.8; 

19.1; 

19.4; 

19.6; 23.4; 

23.6; 

24.4; 

24.5; 

26.3; 

26.4-26.13 




— recorder, 2.13 ; 2.14 




— specific heat of, 11.2 ; 

16.2 

16.3; 

16.6 


— steadiness of supply, 2.11 ; 2.13 

— supply, 2.1 ; 10.0 ; 16.7 ; 10.8 
Alumina, specific heat of, 9.2 
Asheham experiment, 28.2 
Atmosphere, inside kiln, 7.3 ; 7.4 
Atomised slurry kiln, 28.13 


B 

Babcock & Wilcox waste-heat boilers, 27.2 ; 

27.3; 27.18; 27.19 
Back radiation, 22.5 
Baffling, effect on draft, 28.10 

— increase of efficiency due to, 28.9 

— prevention of internal radiation by, 

28.9; 28.10 

— radiant heat by dust, 28.12 ; 28.13 
Balance, thermal, viii ; 23.3 

Black body radiation, 4.2 
Boiler design, 27.11 ; 27.12 

— efficiency, effect of gas films on, 27.6; 

27.7 

— flue gas, specific heat of, 27.11 

— tubes, heat transfer along, 27.8; 27.9; 

27.10 

— — speed of gas through, 27.8 
Boilers, research work on, 27.12 ; 27.13 

— waste-heat, 24.3; 24.6; 25.7; 25.12; 

27.1; 27.2; 27.3; 27.18; 27.19; 28.10; 
28.15 

i6 A 


Bricks, emissivity of, 4.2 ; 5.1 
British Portland Cement Research Associa- 
tion, vii ; ix ; 8.1; 12.2; 14.5; 15.7; 
20.1; 28.1; 28.3 
— thermal units, viii ; 28.0 ; 28.7 


C 

Calcining zone — see also Decarbonating 
Zone 

enlargement of, 28.10 ; 28.11 ; 28.12 

gaseous atmosphere in, 7.3 ; 7.4 

Calcite, 8.1; 8.3; 8.4 

Calcium carbonate — see also Calcite 

heat absorbed in decomposition of, 

8.1 ; 8.2; 8.3; 8,4; 9.5; 15.8 

rate of decomposition of, 7. 2-7.0 

specific heat of, 9.2 

temperature degree of decomposition 

of, 5.1; 7. 1-7. 6; 8. 1-8.2; 9.6; 11.1; 
14.1; 15.5; 15.8; 28.5 
Calories, 28.11 ; 28.12 
Capacity of kilns, 0.2 — see also Output 
Carbon dioxide, amount in exit gas, 1.2 

heat content of, 27.2 

partial pressure of, 7.3 

specific heat of, 11.2 

temperature of evolution of, 7. 1-7. 6 

yield from slurrj’, 18.1-18.3 

— monoxide, amount in exit gas, 1.5; 2.4; 

2.5; 2.0 

loss of heat due to, 2.3-2.11 ; 2.14 

Cement clinker — see Clinker 

— kiln, ideal, 28.1 

research work on, 28.1 

Chemical potential, 2.3 

Clay, heat of dehydration, 9.2 

Clinker, burning in dust kilns, 28.13-28.20 

— burning on travelling grates, 28.21-28.22 

— composition of, 5.1 ; 9.1 ; 28.3 

— entrophy of, 15.5 ; 15.6 

— exothermic reaction of, 9.5 ; 15.8 ; 28.4 

— heat absorbed in formation of, 5.1 ; 5.2 ; 

9.2; 9.3; 9.4; 9.5; 9.6; 14.2; 15.1- 
15.8; 28.3-28.4 

— loss of output due to radiation, 15.3-15.4; 

20.1-20.4; 21.1; 21.12-21.14; 28.8 

— output, 4.3 ; 5.2; 5.3; 5.4; 6.2; 16.2; 

16 3; 16.6; 17.1-17.10; 19.5-19.6; 

20.3-20.4; 21.1; 21.2; 21.12; 22.2; 
22.3; 22.4; 25.6; 27.14; 28.6; 

28.18; 28.19 

— preheating air by, 16.6 ; 23.6 
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Clinker rings, 28 21 

— specific heat of, 9 6 , 16 2. 16 3.16 4, 

165 

— steam production from, 26 2 2613, 

27 14, 27 15, 27 17 

— temperature of sintering, 16 5 

— yield from coal, 16 4 16 5 

from combustion gases, 14 2, 14 3, 

14 6, 28 5 

— — from different flame temperatures, 

14 2 14 4, 28 6 

— — from slurry, 18 1-18 3 
Clmkering temperature, 9 5, 16 I 

atmosphere in, 7.3 , 7 4 

design of, 17 10 , 23 5 

— — dimensions of, 4 3 , 4 4, 6 1 

efficiency of, 22 3 , 22 4 , 22 6 , 25 6 

— — heat evolved in, 15 7 , 15 8 
heating surface of, 4 1 , 4 2. 43 

— — length of, 4 3 , 4 4, 6 1 
output from, 4 3 

— — radiation from. 15 1, 20 2 , 221, 

22 4 , 24 5 , 28 8 

temperature of, 14 1 

Coal— see also Fuel 

— calorific value of, 101,10 2 10 3 

— composition of 10 1 10 2, 10 3 

— consumption of, 2 10, 2 11, 22 2, 

22 3, 22 4 

— estimation of consumption, 1 1*1 $ 

— loss of, 2 10 , 2 11, 2 12 21 13 , 21 14 

— products of combustion 101, 10 2, 

10 3, 104, 11 2, 11 3, 12 I 14 1 

— standard, 10 4 112 113 12 1 14 1 

Cold air leakage, 27 3 27 4 27 16 
Combustion, air required for 10 2 10 3 

10 4 

— complete, 2 4 

— economical, in waste heat boilers 27 16 

27 16 

— gases— see also Furnace Gases, Exit 

Cases 

coal, 10 1 , 10 2 10 3 10 4 15 1 

composition of, 11 1 112, 113 

heating effect of 14 I 14 2 27 II , 

28 6 

specific heats of, 11 1 II 2 11 3, 

114, 13 2 

— — temperature of, 12 3 

— incomplete, 2 3 2 6 

Conductivity, thermal, 27 5 , 27 6 27 7 
Consumption, fuel, 20 3, 20 4, 28 11, 

28 12 

Continuous process advantages of, 28 20 
COt expulsion zone — see Decarbonabng 
Zone, Calctmng Zone 
Convection losses, 28 10 
Cooler end of rotary kiln, 6 I 
Coolers, efficiency of, 16 3 , 16 4 
Countercurrent heat interchange, 28 14 
Cyclonic kiln, 28 16 28 18 


D 

Davis’s experiments, 28 13 
Decarbonating zone, vii, 5 2— see also 
Calctntttg Zone 
diameter of, 5 4 

dimensions of, 51, 52, 63, 64, 

6 1 

enlarged, 28 10, 28 1 1 ; 28 12 

gaseous atmosphere of, 7 3 , 7 4 

heat absorbed in, 5 2, 15 7, 16 8, 

283 

— — length of, 5 3 , 5 4, 6 1 

radiation from, 16 3, 15 4, 20 2, 

22 I ; 28 8 

slurry moisture and, 22 3 , 22 4 , 

22 6 

— — surface of, 5 2 , 6 3, 5 4 
temperature of, 5 1 

Diameters, clmkering zone 4 3, 4 4, 45 

— connection with output, 3 2, 3 3, 3 4, 

3 5 

— decarbonating zone, 6 4 

— particle, 28 13 , 28 15 

— ratio to length, 6 1,62 
Diesel engines, 27 20 
Dimensions, rotary kiln, 6 1 , 6 2 
Disadvantages, rotary kiln, 28 21 
Dissociation of calcium carbonate, 7 1*7 6 

— of magnesium carbonate, 7 2 7 5 
Draft, effect of baffling on 28 10 
Dry process, advantage over wet, 22 2 

back radiation from, 22 2 , 22 4 , 22 6 

efficiency of 22 2 

exit gases from, 3 4, 27 17 , 28 15 

temperature from, 22 2 

output from, 3 4,36 

raw materials drying for, 28 22 

steam producible from, 27 14, 27 15 

Drying zone effect on kiln efficiency, 22 4 , 
226 

— — heat absorbed in. 28 3 
length of 6 1 

Dust, cyclonic deposition of, 28 16 

— gaseous speeds and, 23 16 

— kilns 28 13 . 28 14 , 28 18 

— prevention of radiation by, 28 12 , 28 13 

— waste heat boilers and, 27 16, 27 17, 

27 18 

E 

Economical combustion in waste heat 
boilers, 27 16 

Economy — see also Efficiency 

— conditions for, 19 6 

— enlarged calcining zone, 28 11 , 28 12 

— loss due to radiation, 21 13 , 21 14 
Edge-Moor waste heal boiler 27 2 , 27 3 
Efficiency, baffling and, 28 9 , 28 10 

— boiler. 27 1 27 3, 27 4, 27 5, 27 6, 

27 7 
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Efficiency clinkering zone, 24.3 

— conditions for, 17.9 

— convection and, 28.10 

— coolers, 16.3 

— drying zone and, 22.5 

— enlarged calcining zone and, 28.10-28.12 

— excess air and, 17.4 

— high-grade British thermal units and, 

25.6 

— limits of kiln, 25.7 

— radiation and, vii ; 21.1; 21.13; 21.14; 

22.3; 22.4; 25.6; 28.10 
— • rotary kiln, vii ; 14.5 ; 19.5 ; 19.6 

— slurry moisture and, 24.3 ; 25.6 

— steam producible and, 15.4; 15.5; 26.3 

— temperature of flame and, 17.9 
Eldred’s experiments, 15.8 ; 28.4 
Electrical supply, grid system, 27.20 
Emissivity of bricks, 4.2 ; 5.1 

End sections, radiation from, 20.2 
Enlarged calcining zone, 28.10-28.12 
Entrophy of Portland cement formation, 
15.1; 15.5; 15.6; 15.7 
Equilibrium pressures — see Dissociation 
Pressures 

Evaporation by low-grade heat, 15.2 — see 
also Steam Production 
Excavated kilns, 28.14 ; 28.15; 28.16 
Excess air, clinker output and, 17.5 

economic effect on kiln, 16.6 ; 16.7 ; 

16.8 

flame temperature and, 17.4 

fuel loss due to, 2.7-2.11 

preheating zone and, 16.7 ; 16.8 

temperature of, 2.8 

waste-heat boiler, 27.15 ; 27.16 

— water, effect of low-grade heat on, 22.1 
Exit gases, available heat in, 26.2 ; 27.14 
composition of, 1.3 ; 3.2; 3.4; 7.3; 

27.16; 27.17 

— — density of, 27.14 ; 27.17 

effect of fuel consumption on, 1.1 

etseg.-, 27.17 

fuel consumed measured from, 1.1 

et seg. 

horse-power producible from, 27.14; 

27.15 

nitrogen in, 1.1 

records of, 2.1 

slur^ moisture and, 27.17 

specific heat of, 27.14 ; 27.17 

speeds of, 3.1 ; 3.2; 3.3; 3.4; 3.5; 

3.6 

steam producible by, 26.1-26.3 — see 

Waste-heat Boilers 

temperature of, 27.17; 27.18; 27.19— 

see Exit Temperatures 
variation in composition, 1.1; 2.2; 

2.3; 27.17 

volume of, 3.2 ; 3.3; 27.14; 27.17; 

28.15 

weight per lb. of clinker, 27.14 ; 27.17 


3I-S 

Exit temperatures, calculation of, 19.1-19 6 • 
25.4-25.6 

dry process, 22.2 

effect of external radiation on, 23.1 

of hot air on, 19.4 

-of internal radiation on, 19.5 ; 23.8 

— — limits of, 23.1 ; 19.3; 25.7 

slurry moisture, effect of, 24.1-24.6 ; 

25.6 

0 per cent., 25.16-25.17 

— ^10 per cent., 25.14-25.15 

20 per cent., 25.12-25.13 

30 per cent., 25.10-25.11 

40 per cent., 25.8-25.9 

steam production on, 24.6 — see also 

Waste-heat Boilers 

wet process, 27.14 

Exothermic reaction of clinker, 9.5; 9.6; 
13.2; 28.4 

entrophy of, 15.6 ; 15.7 

Experiments, Asheham, 28.2 

— Eldred, 28.4 

External radiation, 20.1-20.4 ; 21.2; 21.3; 
21.14; 24.1; 24.5 

clinker loss due to, 20.1-20.4 ; 28.8 

effect on exit temperatures, 23.1 

on fuel consumption, 21.14 

from different zones, 24.1 


F 

Fans, horse-power, for waste-heat boilers, 
27.14; 27.15; 27.18; 27.19 
Ferric oxide, specific heat of, 9.4 
Films, effect of gaseous velocity on thickness 
of, 27.8 

— gaseous, 27.1; 27.3; 27.4; 27.5; 27.6; 

27.7; 27.8 

— heat transfer through, 27.1-27.8 

— thermal conductivity of, 27.4; 27.7 

— thickness of, 27.4 ; 27.6; 27.7 

— water, 27.7 

Fine grinding, 28.13 

Fire-tube waste-heat boiler, 27.3; 27.4; 

27.13; 27.16 

advantages of, 27.3 

comparison with water-tube boiler, 

27.3; 27.4 

dust in tubes of, 27.16 

preheating water in, 27.16 

Flame temperatures, 12.1-12.5; 13.1 

clinker output and, 14.3-14.6; 16.2; 

16.3; 17.4; 19.6; 23.2; 28.6 

effect on lining, 14.5 ; 17.10 

excess air and, 17.4 

high, necessary for efficiency, vni ; 

14.5; 14.6; 17.9 

preheated air and, 12.2 

rotary kiln, 13.1 ; 13.2 

Flotation kilns, 28.16-28.21 
advantages of, 28.20 ; 28.21 



3> 6 SUBJECT INDEX 


Flotation kilns, mixing raw matenals in, 
28 20 

output from, 28 18 

Flue gases— see also Extt Cases, Furnace 
Gases 

composition of cement kiln, 27 16; 

27 17 

motion through boiler tubes, 27 8 

specific heat of, 27 11 

Flues, waste heat boiler, 27 1C 
Formula for fuel loss due to carbon mon 
oxide, 2 14 

„ — due to excess air, 2 18 

— for heat transfer through compound wall, 

27 6 

— for kiln output, 3 2,33, 34 

— for preheating air, 10 2 , 10 3, 16 4 
Fuel, burning excess for steam production, 

27 15, 27 16 

— consumption, composition of exit gases 

and, 27 17 

— — effect on steam production, 27 15 
enlarged cilcining aone and, 2S II, 

23 12 

external radiation and, 20 4 , 21 14 

internal radiation and, 21 13 , 21 14 , 

23 8, 28 8 
kiln, 27 14 

— — Lellep process and, 28 22 
low grade heat and, 22 1 

— — radiation and, 20 4, 21 13 21 14, 

23 8, 28 8 I 

sue of kiln and, 3 1 , 3 2 I 

— — slurry moisture and, 22 2 22 4,' 

23 4 23 8 , 24 3 24 C 

total radiation and 21 14 

waste heat boilers and 27 15 27 IC, 

27 18 27 10 

— economy— see also Lffictency 

— — conditions for 10 6, 10 6 
drying zone and, 22 4 , 22 5 

radiation and, 21 13, 21 14 22 2 

22 4 , 22 6 , 28 8 

slurry moisture and, 24 3 

Furnace gas— see also Extt Gas, CombusUon 
Gas 

composition of 7 3, 7 4, 111, 112, 

II 3 

— — heat content of 12 4, 19 2, 19 3 

27 11 

specific heat of, 12 4 14 6 , 23 3 


G 

Gas combustion, 10 1, 10 2, 10 3, 10 4, 
15 1— see also Exit Gas, Furnace Cos, 
Flue Gas 

clinker formation from, 28 0 

composition of. 111, 112, 113, 

12 1 

heat liberated by, 28 6 


Gas, combustion, specific heat of, 11 1 
11 2, 11 3, 11 4 
standard coal, 15 1 

— convection, loss of efficiency by, 28 10 

— exit 7 3; 7 4, 27 16, 27 17, 27 18, 

27 19, 28 15— see also Exit Gas 

— film, effect on heat transfer, 27 1 , 27 3 

27 4, 27 5, 27 C, 27 7, 27 8 

— — thermal conductivity of, 27 7 
thickness of, 27 6 , 27 7 , 27 8 

— flow, clinker output and, 28 18 , 28 19 
fuel economy and, 22 3 ; 22 4 , 22 5 

— flue — see Combustion Gas, Exit Gas, 

F \trnaee Gas 

— furnace, 73. 74. 111. 112, 113, 

124, 145, 192, 193 — see also 

Combustion Gas, Extt Gas, Flue Gas 

— heat content of, 27 11 

— heating agent, 14 1 
chnker by, 28 5 

— specific heat of, 27 11 

— speeds, through boiler tubes, 27 1 , 27 4 , 

278, 27 7, 278 

particles lifted by, 28 15, 28 16 

— volume from clinker, 28 15 
Girouard’s Kiln, 28 14 , 28 15 
Granulation of raw meal, 28 21 , 28 22 
Granules, burning clinker from, 28 21, 

28 22 

Crates, travelling, for clinker burning, 28 22 
Grid system, 27 20 


H 

Heal, absorption of, by clinker formation, 
5 1 52. 92, 03, 04. 05, 00; 

157. 15 8, 19 5, 23 3, 284, 28 6 

in chnkenng zone, 14 1, 28 3, 28 4 

m decarbonating zone, 5 1, 14 1 , 

15 7 16 8 

— — in decomposing calcium carbonate, 0 5 

— — in heating air 12 3 

— clinker, 9 6 

— — furnace gases 12 2 

kaolin, 9 4 

— — in various zones, 28 3 28 4 

— balances viii 8 1, 16 7 16 8, 19 I* 

106, 2S3, 242. 24 3, 28 7 

— content of gases. 27 11 

— decomposition of calcium carbonate, 8 1 , 

82. 83,84 
of kaolin, 9 2 

— — of silica, 9 2 

— evolution in clinkenng zone, 9 6, 15 7 , 

15 8 

— flow through compound wall, 27 5 

— high grade, 15 1 

clinker formation and, 20 1 , 20 2 , 

20 3, 20 4, 21 2, 21 12 

efficiency and, 28 7 

function of, 17 9 , 17 10 
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Heat, high-grade, loss of, 23.2 ; 24.3 

passage into low-grade heat, 22.1 ; 

22.3; 22.4; 22.5; 23.2; 24.3 

slurry moisture and, 22.2; 22.3; 22.4; 

22.5 

— interchange, 16.3 ; 28.14 

— loss on incomplete combustion, 2.4 
— ■ low-grade, 15.1 

clinker formation and, 20.1 ; 20.2 

function of, 17.9 ; 17.10 

surplus of, 22.1 

— quality of, 15.1 ; 15.2; 15.8; 28.6 

— quantity, 28.6 

— transfer, along boiler-tubes, 27.8; 27.9; 

27.10 

effect of gaseous speeds on, 27.1 ; 

27.3; 27.4; 27.5; 27.6; 27.7 

of films on 27.4; 27.5; 27.6; 

27.7; 27.8 

lolog formula for, 27.8 ; 27.9; 27.10 

Heating surface, for clinkering zone, 4.1 ; 
4.2; 4.3 

for decarbonating zone, 5.2 ; 5.3 ; 5.4 

for steam, 27.6 

High-grade heat, 2.3 ; 15.1 ; 28.5 ; 28.7 

clinker formation and, 15.2; 15.3; 

15.4; 20.1; 20.2; 20.3; 20.4; 21.2; 
21.12; 28.8 

difference from low-grade heat, 15.2 

kiln efficiency and, 15.4 ; 17.9; 17.10; 

28.7 

lime burning and, 17.9-17.10 

loss of, 15.3; 15.4; 23.2; 24.3; 

28.7; 28.8; 28.9; 28.14 

slurry moisture and, 22.2-22.5 

steam raising and, 17.10 

temperature of exit gases and, 19.4 

transference into low-grade heat, 15.3 ; 

15.4; 22.1; 22.3; 22.4; 22.5; 23.2 
— - — value of, 15.1 ; 15.2; 15.3; 15.4 

■ water evaporation by, 15.3 ; 15.4 

Horse-power, for cement works, 27.15 

— for fans, 27.14; 27.15 

— for waste-heat boilers, 27.14; 27.15; 

27.18; 27.19 

Hot air — see Preheated Air 
firing coal dust with, 17.10 

■ gas, heating agent in kiln, 28.5 

Hydrated silica, heat absorbed in heating, 

9.3; 9.4 

— — yield of water from, 18.1 ; 18.2 ; 18.3 
Hydraulic mean depth, 27.10 


I 

Ideal kiln, 14.5 ; 28.1 
Inefficiency, causes of, vii ; 23.8; 25 6' 
28.1; 28.7; 28.9 

— dry process, 22.2 

— internal radiation and, 23 8 • 25 6 ■ 

28.1; 28.7; 28.9 


Inefficiency, rotary kiln, 28.7 ; 28.9 

— slurry moisture and, 25.6 

Instantaneous specific heat, 11.1; 11.2; 

11.3 

Internal convection, loss of efficiency by, 
28.10 

— radiation, 21.1; 24.4 

— — amount of, 21.2-21.14 ; 23.4 
calculation of, 21.2-21.13 

clinker losses due to, 21.1; 21.12; 

21.13; 21.14; 28.8 

fuel consumption and, 21.15 

inefficiency caused by, 21.1; 23.8; 

25.6; 28.9; 28.10 

slurry moisture and, 22.1-22.5 

— ■ — stoppage of, 28.8; 28.9; 28.10; 

28.12; 28.13 

Interpolation, 25.4 ; 25 5 ; 25.6 


K 

Kaolin, entrophy change on decomposition, 
15.7 

— heat of dehydration, 9.2 ; 9.3; 9.4; 15.7 

— specific heat of, 9.2 

— yield of water from, 18.1 ; 18.2 ; 18.3 
Kiln — see also Shaft Kiln, Rotary Kiln 

— conditions for commercial success, 28.1 ; 

28.18 

— cyclonic, 28.16-28.19 

— dust, 28.13-28.14 

— efficiency, vii ; 22.5 ; 25.6; 25.7; 28.1 

— excavated, 28.14 ; 28.15; 28.16 

— flotation, 28.14 ; 28.15; 28.18 

— fuel consumption, 3. 1-3.2 

— Gfrouard's, 28.14-28.15 

— ideal, 14.5 ; 19.1 

— output, 0.2; 28.18; 28.19 

— rotary, 28.21 

— shaft, 28.1 

— shape, 3. 1-3.2 

— spray, 28.13; 28.14 
Kirke fire-tube boiler, 27.3 


L 

Leakage, cold air into boilers, 27.3 ; 27.4 

Lellep process, 28.21 

Length, clinkering zone, 4.3 ; 4.4 

— decarbonating zone, 5.3 ; 5.4 

— ratio to diameter, 6.1 ; 6.2 
Lifter bars, 22.5 

Lifting speed, gaseous, for dust, 28.15 
Lime, heat absorbed in producing, 8. 1-8.4 ; 
9.6; 17.9; 17.10 

— specific heat of, 9.6 

— temperature of formation, 7.1; 7.2; 

7.3; 7.4; 7.5; 7.6 

Lining, effect of high-flame temperatures on, 
14.5 
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Lolog formula for heat transfer, 27 8; 
27 9 . 27 10 

Losses due to radiation, 211, 2112 
21 13, 21 14, 24 1, 28 8-see also 

Radiation 

Low-grade heat, 15 1 , 28 7 

effect on clinker formation, 15 1; 

16 2 , 16 3 , 20 1 . 20 2 , 20 3 , 20 4 

on exit temperature, 19 4 

funcUon of, 17 9 

surplus in kiln, 22 1 


M 

Magnesium carbonate, decomposition of, 
7 2-7 5 

Martin process, 28 16, 28 17 

— waste heat boiler, 27 3 
Maximum efficiency of kiln, 19 5 

Mean specific heats, J1 1, 112, 113, 121 
Minimum exit temperature degree, 23 1 

— heat absorption in clinker formation, 

28 5 

Mixing raw material, air, 28 20 
Moisture, slurry effect on exit tempera 
tures — see Sxii Ttmperatitres 

effect on fuel consumption 23 4 23 8 

on internal radiation 22 I 22 5 , 

23 8 

on steam production 26 3 , 27 16 

— — maximum amounts, 23 1 23 8 


N 

Newton’s interpolation formula 25 6 
Nitrogen, amount in exit gas, 1118 

— ratio, 1112 

— specific heat of, 11 2 


O 

Output, clinkering zone and. 4 3 4 4 
— • diameter and 32,33 34 36 

— excess air and 17 1 17 10 

— external radiation and, ix, 20 2 20 3 

20 4 

— fuel consumption and, 3 5 

— high grade heat and, 15 3 , 15 4 

— ideal kiln, 14 5 

— increase of, 3 4 , 3 5, 36, 28 18 28 19 . 

28 20 

— internal radiation and ix , 21 1 21 12, 

21 13, 21 14 

— preheated air and, 19 6 

— size of decarbonating zone 6 2 6 3 6 4 

of kiln and, 3 2 3 0, 02 

— slurry moisture and 22 2 22 4 

— spray kilns, 28 14, 28 18, 28 19 


Output, temperature of flame and, 14 3 
14 4, 14 5. 14 6, 16 2, 10 3, 28 0 

— terminal speed and, 3 5 

— solume of exit gas and, 28 18 


P 

Partial pressure of CO, in kiln, 7 3 
Particle size, gaseous velocity and, 23 15 
Perfect kiln, definition of, 19 1 
Pipes — see Tubes 

Portland cement, composition of, 9 1 , 28 3 

— — exothermic reaction, 9 5 

specific heat of clinker, 16 2 , 16 3 

thermal history of, 9 1 9 6 , 28 1 28 3 , 

28 8 

Powder, internal radiation stopped by, 
28 13 28 16 

— kilns, 28 14-28 16— see also Dust Kslns, 

Flotation Kilns 

— surface of, 28 13 
Power— see also Horse power 

— cement works, 27 15 

— Diesel engine, 27 20 

— electrical. 2719, 27 20 

— waste heat boiler, 27 18 27 10 
Preheated air 161, 19 1 
economic limits, 16 6-16 8 

flame temperature and, 112, 12 2, 

19 6 

heal absorbed by, 12 3 

slurry moisture and, 23 4, 23 6, 

24 4 . 24 5 

steam production and 26 3 26 13 

Preheating zone entrophy change in, 16 6 

heat absorption in, 15 7 , 15 8 , 28 3 

length of 6 1 

radiation from, 20 2 

Pressure thermal, 28 6— see also Tempera 
ture 

Process continuous, 28 20 

— Cirouard, 28 14-28 16 

— .Martin 28J6-28J8 


Q 

Quartz dust, surface of, 28 13 


R 

Radiation calculation of, 21 2 21 13 

— clinker output and 20 2 , 20 3 , 20 4 , 

21 I 21 12 21 13, 21 14 

— clinkering zone and 4 1, 4 2, 13 2 , 

245 

— decarbonating zone and 5 1 5 2 , 24 5 

— drying zone and, 24 6 
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Radiation, exit temperatures and, 23.1 

— external, viii; ix; 20.1-20.4; 21,2; 21.3; 

21.14; 23.1; 24.5; 28.8 

— fuel consumption and, 21.13 ; 21.14 

— internal, viii ; 21.1 ; 23.2; 24.4 

back, 22.2 ; 22.4 ; 22.5 

baffling of, 28.9 ; 28.10 

calculation of, 21.2-21.13 

clinker losses and, 21.1 ; 21.12-21.14; 

28.8 

• efficiency and, 22.3; 22.4; 23.8; 

25.6; 28.1; 28.7; 28.8; 28.9; 28.10 

fuel consumption and, 21.14 

losses, 23.1; 23.4; 24,1 

rotary kiln and, 28.9 

shaft kiln and, 28.9 

slurry' moisture and, 22.1-22.5; 24.2; 

24.3 

stoppage of, by baffling, 28.9 ; 28.10 

of, by dust, 28.12; 28.13 

zones and, 24.1 

— law of, 4.2 ; 28.7 

— losses — see Radiation, Internal; Radia- 

tion, External 

— Steffan’s Law of, 4.2 

— stoppage by baffling, 28.9 ; 28.10 
by dust, 28.12 ; 28.13 

by fog, 28.13 

— table of, 25.3 

-total, 21.3-21.11 ; 21.14 
Ranks, 15.6 

Raw materials, composition of, 5.1 ; 9.1 ; 

28.3 

drying of, 28.22 

heat absorbed by, 28.5 

Resistance, thermal, 27.6 
Recovery, waste-heat, 27.1 
Research work on cement kilns, 28.1 — see 
also British Portland Cement Research 
Association 
Rings, clinker, 28.21 
Rotary kiln, baffling of, 28.9 ; 28.10 

comparison with shaft kiln, 28.9 

dimensions of, 6.1 ; 6.2 

disadvantages of, 28.21 

efficiency of, 14.5 ; 28.1 ; 28.2 ; 28.7 ; 

28.9; 28.10; 28.11; 28.12 

flame temperature in, 13.1 

internal radiation in, 28.9; 28.10 — 

see also Radiatio?i, Internal 

output from, 28.19 

Rule-of-thumb methods, x 


S 

Savings, by increase of output, 3.4 
Shaft kiln, comparison with rotary kiln, 
28.1; 28.7; 28.9 

efficiency of, 28.1 ; 28.7 ; 28.9 

internal radiation in, 28.13 
output from, 28.1 ; 28.18; 28.19 


Silica, change of entrophy, 15.6 

— heat of dehydration, 9.3 ; 9.4 ; 15.7 

— specific heat of, 9.2 ; 9.3 

— yield of rvater from, 18.1 
Sintering zone— see Clinkcrmg Zone 

Size of kilns, fuel consumption and, 3.1 ; 
3.2 

Slurry, atomised, 28.13 

— carbon dioxide yield from, 18.1; 1S.2; 

18.3 

— composition of, 9.1 ; 15.7 

— clinker, y'ield from, 18.1 ; 18.2 ; 18.3 

— moisture, effect on exit gases, 27.17 

— on exit temperatures, 24.1; 24.4; 

25.6 

on fuel consumption, 22.2; 22.4; 

23.2; 23.4; 23.5; 23.6; 23.7; 23.8; 
24.3; 25.6 

of internal radiation on, 22.1-22.5; 

24.2-24.3 

— ■ — • — on steam production, 24.3; 24.6; 

25.6; 25.7; 26.3; 26.10; 26.11; 

26.12-26.13; 27.15 

maximum amount, 23.1-23.8 

Specific heat, instantaneous, 11.1-11.3 

mean, 11.1-11.4 

of air, 16.2; 16.3; 16.6 

of alumina, 9.2 

of calcium carbonate, 9.2 

of combustion gases, 11.1; 11.2; 

11.3; 11.4; 12.1; 13.2; 27,17 

of exit gases, 27.17 

of furnace gases, 12.4 ; 14.5; 23.3 

of ferric oxide, 9.4 

of gases, 27.11 

of kaolin, 9.2 

of raw materials, 5,1 

of silica, 9.2 ; 9.3 

Speeds of gas flow, economy and, 22.3 ; 
22 4 ’ 22 5 

heat transfer and, 27.4-27.10 

through boiler tubes, 27.1 ; 27.3 ; 

27.4; 27.5; 27.6; 27.7; 27.8 
Spraying kilns, 28.13 
Standard coal, 10.4 

air required for combustion of, 16.4; 

16.5 

combustion gas from, 11.2; 11.3; 

12.1 

Steam accumulators, 27.16 

— amount obtainable per ton clinker made, 

27.12; 27.14; 27.17; 27.18; 27.19 

by dry process, 22.2 

by wet process, 22.2 ; 27.13 ; 27.14 

produced by waste-heat boilers, 26.1- 

26.13; 27.18-27.19 

by waste-heat boiler tubes, 27.10- 

27.12 

— effect of high-grade heat on, 16.4 ; 17.9 ; 

28.6 

of kiln efficiency on, 15.4; 15.5; 

26.3 
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Steam, effect of slurry moisture on 

26 1-26 13, 27 6 

— high pressure, 15 4 

~ surface required for, 27 6 

Steel plate, thermal conductivity of. 27 4 . 

27 6 r . . 

Steffan’s Law of Radiatjoji, 4 2 

Surface of clinkenng zone, 4 1; 4 2, 4 3 

— of decarbonating zone, 6 2; 53, 54 

— of powders, 28 13 

— of waste heat boilers, 27 10, 27.14 

27 18, 27 19 
Swanscombe Works, 15 8 


T 

Temperature, analogy to pressure 15 6 

15 G, 15 8, 28 5, 28 6 

— clinkenng 9 6, 16 1 
zone, 4 1,42, 14 1 

— decarbonating zone 5 1 

— decomposition of calcium carbonate, 

61, 71, 72, 73, 7 4. 7 6, 96, 
11 1, 152, 156, 166, 235 

— efSciency and, 14 6 , 14 0 

— exit, IX , 27 17 

calculation of, 25 2 , 25 3 , 26 4 , 25 C 

limits of, 25 7 

minimum, 23 I 

perfect kiln, 19 1 19 6 

preheated air and, 19 4 

radiation and 23 1 

slurry moisture and 24 1 24 5 

— flame, viii, 12 2 12 3, 12 4 12 5, 

14 1 

clinker output and, 14 3 14 4, 17 4, 

28 6 

— heat absorption and, 28 3 , 28 4 

— maximum of preheated air 16 3 16 4, 

16 5, 16 6 

— radiation and, 28 7 

— specific heats and 111 112, 113, 

11 4 

— value of British thermal units and 28 6, 

28 7 

Terminal speeds of exit gases, 25 7 
Thermal balance — see //eaf Balance 

— conductivity, 27 5 

of air films, 27 4, 27 6 

of films, 27 4 27 7 

of gas films 27 7 

of steel plate, 27 4, 27 6 

of water films, 27 7 

— dissociation of calcium carbonate, 7 I , 

7 2, 7 3, 7 4, 7 6, 7 6 
of magnesium carbonate, 7 4,76 

— history of Portland Cement, 9196, 

15 7-168 , 28 1 . 28 2 , 28 3 

— pressure— see Temperature 

— resistance, 27 5 
Thickness of films, 27 C , 27 7 


Time factor for evolution of carbon dioxide 
7 3,74 ' 

Total radiation, 21 3 21 11 

effect on fuel consumption, 21 14 

Travelling grate, burning clinker on, 28 22 
Tubes, heat transfer along boiler ‘*7 8 
2710, 2712 

— speeds of gases through boiler, 27 8 

— steam producible per tube, 27 10-27 12 
Turbines, steam, 27 15 


V 

Vapour pressure of carbon dioxide, 8 1 
Velocities, gaseous— see Speeds, Gaseous 

— lifting, 28 15 

— terminal, of exit gases, 3 5 


W 

Waste-heat boilers, 28 15 

advantages of, 27 10 

alternatives to, 27 ID , 27 20 

Babcock & Wilcox, 27 2 ; 27 3 ; 

27 18, 27 19 

comparison of fire-tube and water tube, 

27 3 , 27 4 

data for design of, 27 14 

design of, 27 1 27 20 

deterioration of 27 16 

difficulties with 27 1 27 10 

draft for, 28 10 

dry process 22 2 

dust kilns and, 28 IS 

Edge Moor. 27 2 , 27 18 

efficiency of, 27 1 , 27 3 , 27 4 , 27 0 ; 

277 

exit temperatures and 24 6 

— — fan power for, 27 14 , 27 15 

fire tube 27 3. 27 4, 27 13, 27 14 

flues for 27 16 

— — fuel consumption of 27 16 

gaseous speeds through, 27 1 , 27 4, 

27 5 . 27 6 , 27 7 

horse power from, 27 18 27 19 

heating surface for 27 10 27 14, 

27 16, 27 18, 27 19 
Kirke type, 27 3 

— — limits of exit temperature for, 243, 

246, 25 7, 27 3, 27 19, 27 20 

Martin type, 27 3 

performances of, 27 12 . 27 18 , 27 19 

research work on 27 1 , 27 12 , 27 13 

slurry moisture and, 24 6 , 25 6 

steam producible from, 26 1-26 13, 

27 14 

surface required, 27 10 27 14, 27 16; 

27 18, 27 19 

types of 27 1 

typical plants, 27 18 27 19 
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Waste-heat boilers, water-tube, 27.1 ; 27.2; 
27.3; 27.4; 27.13; 27.18; 27.19 

wear and tear on, 27.16 

wet process, 27.13 ; 27.14 ; 27.18 

Water evaporating — see also Steam Produc- 
tion 

by high-grade heat, 15.3 ; 15.4 

by low-grade heat, 22.1 

— films, 27.4; 27.5; 27.6; 27.7; 27.8 

— slurrj' — see Slurry Moisture 

fuel consumption and, 22.2 ; 22 4 

maximum, 23.2 

— trouble, 27.16 

— vapour, heat content of, 27.11 
specific heat of, 11.2 

— yield from kaolin, 18.1 ; 18.2; 18.3 

from silica, 18.1 ; 18.2; 18.3 

Water-tube boiler, 27.1-27.4 ; 27.13; 27.18; 

27.19 

Wet process, enlarged calcining zone, 28.11 ; 
28.12 

exit gases from, 3.2 ; 24.17 ; 28.15 

fuel consumption in, 22.2 ; 22.3; 22.4 


31. II 

Wet process, kiln dimensions for, 6.1 ; 6.2 

output from, 3.2 ; 3.3 

steam producible by, 27.13; 27.14; 

27.15 

waste-heat boilers and, 27.13 ; 27.14 ; 

27.18 


Y 

Yield of clinker, effect of slurry' moisture on, 
22.2; 22.3; 22.4 


z 

Zones, clinkering, 14.1; 23.5; 24.5 — see 
also Clinkering Zone 

— decarbonating, 5.1 ; 5.2; 5.3; 5.4 

— heat absorbed in different, 28.3 ; 28.4 

— len^hs of, 6.1 ; 6.2 

— radiation from various, 20 2 
sizes of, vii 
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